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SUMMARY

HMX decomposition studies performed under this contract have focused on the

covalent bond--breaking processes occurring in the later stages of HX decom-

position in the liquid and gas phases. Emphasis was placed cn a quantitative

determination of gas-phase species from HMX decomposition using isotopically

labeled (N 15) and unlaboled materials at high heating rates (850 C per

second) under a helium atmosphere. Changes in the gas-phase product distri-

butions from HMX decompostion in a low (-300 C) and high (-800 C) temper-

ature region led to an understanding of the changing and competitive covalent

bond-breaking processes occurring as the decomposition temperature increased.

In addition, the detailed study of the interactive chemistry between ener-

getic additives with HMX and correlation vith propellant burn rate data has

resulted in a better understanding of those processes that lead to an

increased burn rate.

The thermal decomposition of HMX in the low-temperature region just above its

liquefaction region (-300 C) proceeds primarily by C-N bond breaking, which

results in high N20 and CH 2 0 yields. In the high-temperature region

(-800 C), N--N bond scission is faster than C-N bond breaking, and NO is

formed in high yields. Gas-phase reduction of NO by NH2 intermediates

appears to play a key role in modifying HMX combustion. Tracer studies per-

formed with ring N15 labeled material have shown that the NO is reduced to

N2 and H 20 by NH3  genereted from the decomposition of bistriamino-

guanidinium azobitetrazole (TAGZT).

Compounds that are high in NH3 or TAG content do not yield high concentra-

tions of NH3 decomposition products unless they are oxygen free. Also,

compounds that appear to explode upon decomposition (such as DAZT) are not

effective NH3 generators despite their high initial NH3 content.

Propellants containing TAGZT and the energetic plasticizer TLIETN (-ONO2

yielded the same relative increase in burning rate (-150%) as those that

included the inert (triscetin) plasticizer. These results indicate that the

"NH3 decomposition products are interacting primarily with the HiX products

rather than the binder components.



Additional NH 3 generators were studied via high-temperature pyrolysis and
burning rate experiments. The concentration (if the NH 3  generated, the

temperature of generation, and the physical process of generation were found

to be the key factors in the overall effectiveness in accelerating the

burning rate.

A critical parameter, the rel.ative particle size of the nitramine to the
NH 3  generating compound, was defined, which is related to the diffusional

flame characteristics. The efficiency of the NH + NO reaction optimizes

over a narrow temperature region (-1100 o 1300 K) and the reaction is

very sensitive to the concentration of a variety of active species.

Substitution and coprecipitation of azide nitramines (such as DATH) defi-
nitely accelerate the burning rate, but it appears to be via an "additive"

m rechanism rather than an interaction process.

The energetic compound triaminoguanidinhum-5-aminotetrazole (TAGhe AT) was

observed to generate hic h yields of NH 3 on decomposition at 800 C. How-

ever, this compound weas shown to burn at ambient pressre with liquefaction

and an overall cooling effect, which is probably due to the excess 1113

"generuted. Pyrolysis decomposition studies of HmX in the presence of

TAG*5AT at 800 C indicated a reduced degree of NO reduction by NH 2inter-
mediates as compared to TAGbrT. In addition, an increase in N 0 yield from

HMX-TAG*5AT decomposition is indicative of a contributing "cooling" effect
frhom TAnr5AT. As expected, smaller changes in HsX-TAG*5AT propellant

¶ burn rate were encountered.

From pyrolysis decomposition studies, it has been shown that the well-known
energetic compound triaminoguanidine nitrate (TAGN) undergoes exothermic No

reduction to N by NH intermediates generated from TAGN itself. Thus,

the reported increase in HoX burn rate by the addition of TAGN is due pri--

mandly to an "additive" effect. A secondary process of NO reduction in the

TAGN system is controlled by diffusional flame phenomena, which is coupled

via particle-size ratios.
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Pyrolysir decomposition studies performed on 98 weight percent HMX admixed

with 2 weight percent LiN3 or NaN3 at 800 C showed a dramatic change in

the HMX decomposition mechanism. Although both LiN3 and NaN3 appear to

display a catalytic effect in altering the HMX decomposition mechanism, sig-

nificant changes in HMX propellant burn rates were not entountercd. Intimate

contact is believed to be lost between the active catalyst intermediates

LiN3 or NaN3 in propellant mixes.

The thermal decomposition of RDX proceeds in an identical fashion as HNX at

-800 C with N-NO2 bond scission being faster than C-N bond scission,

which results in high NO yields. However, in the temperature region just

above the liquefaction of RDX (-220 C), gas phase product distributions

from RDX indicate a faster rate of RDX liquefaction to gasification. RDX

undergoes 90% pyrolysis (with coiparable C-N and N-NO2 bond scission) just

above the liquefaction region versus only 70% pyrolysis for HMX (with

predominant C-N bond sciýsion).

The Werner-diammoniumdiazido complex [Cu(NH3 ) 2(N )3], which generates

significant NH3 an decomposition, was shown to significantly alter the

decomposition mechanism of RDX at the 5 weight percent level, but had little

influence on the HMX de'omposition mechanism. [Cu(NH3 ) 2(N3 ) 2 under-

goes violent decomposition at 210 C, which is much closer to the RDX decom-

position temperature of 201 C, allowing for a greater thermal and/or chemical

interaction than that of HNX undergoing decomposition at 280 C.

Synthesis of the novel HMX derivative 1-•ziaumethyl-3,5,7-trinitro-l,3,5,7-

tetrazacyclooctane (AZMTTC) is reported. Pyrolysis decomposition studies

conducted on AZMTTC showed that its decomposition mechanism is significantly

different from that of HMX. Carbon-nitrogen bond scission predominates

during the decomposition of AZMTTC from -300 to -800 C, which results in

high N2 r? and CH 2 0 yields. This mode of decomposition is not conducive to

increa.sing burn rates as a result of reduced bond scission and the nature of

the gas-phs8e components generated. It is believed that strucLural symn etry

st the HMX derivative must be maintained to arrive at comparable rates of C-N

and N-NO2 bond scission along with gas-phase components, which will

generate increased exothermic gas-phase reactions.
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The unsuccessful attempts at the synthesis of a structurally symmetrical HNX

derivative from the recently reported lMg precursor ION are reported, In

adJition, attempts to synthesize other unsymmetrical HHX derivatives via

nov,'l synthetic procedures used in the synthesit of AZHTTC are described.

The burning rate acceleration of KHX-based propellants was ,chieved most

readily with amidogen radical gonerators, especially TAGZT. The magnitude of

augmentation of the HMX propellants is virtually the same regardless of the

type of plasticizer employed, except for the NP type (TVOPA). Thib suggests

a higher rate of interaction between the NH2 and NP2 radicals in a

"pseudocatalytic" manner.

The burning rate acceleration of RDX-based propellants followed similar

trends to the HMX systems except at low pressures (3.45 iPa). In the

low-pressure region, the RDX systems burned 20 to 80% faster than the HMIX

analog. Thir is attributed to the fact that the NH radical generating ingre-

dients decompose at a temperature closer to the decomposition point of RDX

rather than HMX, thereby promoting a higher level of interaction. As the

pressure is increased, the diffusional flame is compressed and similar

acceleration would be expected.

The "m~smatching" of the nitramine (h11 and RDX) and amidogen generator

particle sizes appears to be the most important factor in accelerating the

rate. Utilization of small additive particle sizes with large nitramine

particles results in better diffusional mixing of the reactive gases.

,X1

m4

- - --m~- - -z --



SECTION 1

OBJECTIVE

The objective of this research program was to increase the burning rate of

cyclic nitramines (HIX and RDX) via (1) chemical doping, (2) structural modi--

fication, and (3) the addition of modifiers that generated reactive inter-

mediates. Primary emphavis was placed on the incorporation of al~ido (-N 3)

moiet..ek, and tddition of ipgredients foi" amitogen (-NH2 ) radical gener,.

tiOn. Pyrolysis stulies were conducted at rapid heating cates wiýh ard

without isotopically (N 15) labeled materialr as the primary screering ttCol

for measuring the effectiveness of these approaches and guiding the

formulation of experimentai propellants.

_ _



SECTION 2

INTRODUCTION

rhe utilization of HMX and RDX in solid and sun propellant applications is

increasing rapidly. In the solid propellant arena, the desire for reduced

smoke (signature) has eliminated ammonium perchlorate (APA from consideration

in a wide ivLiety -f appllcationý Foe gun :-rape:laihts, the desire Poz

increased mass im mtus at reduced flame temperatures has reswlted in the

blendi.g of h4X and RDIK with selected high-hydroaen content oxidizers such as

triaminoguanidine nitrate (TAGC) in extrudrd nitrocellulose binder s~stems.

However, both HMX and RDX have low burning rates at low pressures '<14

MPa). This is coupled with high exponent problems, especially in the gun

pvopellant area, for pressures up to 425 MPa. The gun propellant problem can

be alleviated to a great degree by proper selection of alternate secondary

oxidizers, grinding of the nitramine to small particle size (>Sv), and

through judicious ;rain design. This freedom is not totally available to the

solid propellant designer since his systems require excellent physical pro-

perties and must be cast instead of solvent extruded. It is imperative that

methods for accelerating the burning rate of HMX and RDX and controlling the

exponent be developed to ensure the solid propellant grain designer adequate

freedom in meeting advanced applications while maintaining the energy level

of the system.

The aforementioned objectives of this research program were deemed to be a

unique approach to delineating the problems faced by the propellant community,



SECTION 3

DECOMPOSITION EXPERIMENTS

HMJ DECOMPOSITION bECHANTSMS -AN OVERVIEW

There is voluminous literature on studies of the thermal decomposition of HIXX

with evidence to support the cleavage of evory covalent bond including the

C-N bond, the N-NO 2bond, tne N-0O bond, and the C-H bond, with conclusions

suggesting each of these as a likeiy initi±al and/or rate-controlling intra-

molecular process. R~ecently, evidence has been given to supp.ort the conclu-

sions that the electrostatic intermolecular attractions between structurally

intact HMX molecules is the initial rate-controlling process and predom.-

inantly controls the rate of solid and liquid JINX decomnposition (Ref. 1).

Th is novel conclusion contrasts with all previous interpretations of

condensed-phase JINX decomposition kinetics, which assumed that intramol-ecular

covalent bond breaking within the JINX molecule controls the decomposition

kinetics. However, these inventigetors also concluded that the covalent

bond-breaking processes described by others were occurring likely in the same

time frame as the breakdown of intermolecular electrostatic forces, but they

were not necessarily rate determining.

Other recent studies, using deuterium isotope effects with JINX, have shovn

C-11 covalent bond cleavage to be a rate-controlling Intramolecular process in

the solid phase, but C-H bond contraction occurring in a mixed solid-liquid

phase (Ref. 2).

The presence of NO 2radical species in solid-phase HNX has been demonu-

strated recently by mechanical methods or irradiation and contributes to the

list of potentially reactive spe jes in the early stages of JINX decomposition

(Ref. 3).

Many JINX decomposition mechanisms have been inferred from gas-phase species

that could have originated in a combination of solid, liquid, and gas phases

of HNX decomposition with the false assumptioni that the analysis is conducted

in one phase. The simultaneous occurrence of these various intermolecular

and intramolecular processes in the solid, liquid, and gas phase within a

='I•II



relatively short time fram~e enables one to appreciate the unique and vastly

complex nature of HNX e-composition (an overall decompcosition schemAtic is

g.ven in Table 1). In addition, an understanding of thera pr:.cesmes allows

one to realize the experimental difficulty in obtaining a homogennous or

reproducible HNX sample during therm6i dscomposition studlea. 'hus, the

chemistry associated with HMKX decomposition is ocurrin• in e neterogeneous

system and care must be taken to adequately describe experimental p."ozdures

and sampling techniques. Furthermore, conclusions thet isolate one molecular

procesn as controlling the multistep complex HNJ decompobition mechanism that

involves a number of molecular processes occurring almost simuiltaneouslJ must

be avoided.

EXPERIMENTAL DETAILS

Product distributions from the thermal decoaiposltion of unlabeled, ring N1 5

15
Iabeled and total N labeled HMX, and candidate additives for modifying

the decomposition chatacteristics of •MX were investigated usin*g a Chemical

Data Systems Series 100 pyrolysis unit interfaced with a Hewlett-Packard

5840A gas chromatograph and Inficor 1Q200 quadrup(,le mass spectrometer

(Fig. 1). Samples (0.5 to 1.5 milligratns) of these materials were weighed

accurately within a thin-walled quartz tube, which was placed within a

platinum coil pyrolysis probe and inserted into a heated gar' chromo--

tographic interface under 2 atm holium back preasurA. The ca-mplej were pyrc-

lyzed at a maximum heating rate of approximately 850 C per second ai~d held

for 10 seconds at temperature in all experirmnts. Upon pyrolysis, the gaseous

products (H 2 , N, 20 NO, co, N H, CH4, H 20, NH 3, CO , N 20, CH 20, CN, and CH2 =

CH 2) were separatad in the order given on a 6-foot by 0.125-inch bt&iniess-

steel columa packed with Carbosieve S, 120-140 mesh (Supelco Inc.). Other

pertinent gas chromatographic operating procedtres are given in Table 2. The

experimental setup also allowed for injection of the separated gaseous

species into the mass spectrometer for a determination of the mass fragmenta-

tion patterns of the labeled and unlebelec gas-phase species. Quantitative

calibrations were performed on control samples of &ll gases, and their iden-

tification was confirmed by introduction o.' the gares into the mans spectro-

meter. All tabulated data are the result 3f repAcate experiments conducted

under identical experimental conditions.

.k



Z~ Wi

C) m 4 1Z)04C 0-
4 Zj V) gr2c 0 4z .4 0 0

0ý c =C U) =- ( I-- u- -cc
I- Ili 0 .1 OAJ 0 r U.) 4c 4 X

(X C)0 L.) 144 4 A =4 ;r 14 Li Z ZL
t. C) '.A4 u. M (.D 3cK P C.) wU 4i Li4

s. CD ee (- ) = C(D 2c 1.4 X

CA 0 (A LA-) M D 14 00 1-4 0 '-0 "0
Li L .. I - I- < Z- H l (N- 0iJ CD M~C.

;I - WI 4< (.I (..) =X LI
= "- x LA.) X LAi 144 z

H OD L: "- LU ... ..j Li = M 2! LAJ CD'
V) -c -CL (D L. Wt La 214 m w14 (DO CD 'J2

>-1: ?.-o 0 aO Ln W CD 4 (DOC LI
orrI O. (D (AI =X

ALI (I di (" O C 2 >- =0 0- (NIi C 0 ~ k (MJ -

I 0) I 0D >- - LX 4-- ("O " C\J )- a 0)2x
.4 = = 2 : cj: LI x:2 w z J- z -C

4 0 C LI 0 4 C' LI 0 C I

CD 0-4

0 4 Hi
'-4 L LIJ
-Cc A- 2t

x H ) (A .14 (A LiJ 0 VA

0C 4 00 C CD I--D '
-. 4 21- X V) - 2 (A L -cc44 wi < Li LI>0 - LiJ H 0 -4 2c ( (D >. (D0 :I D 4 4)

20 H) LI C' <- 2 0 4 < <4 4 4,< a
ý-'ý-4 z UL LiJ IA Li s-s :: >-L . 1 4 X C

H I- -1LA. H A le. ý4 H -.4 er -j <
0A-' I LI ix -cc LI U.1 LiJ LI Li L) L~i (%j

(AJ LIC- LiJ 4 W 144W 4L LL j -4 .J CD0 (A
( 0 CL sO 2E 0j 33 CX.0 XI 0tI L Z 0
(A0 Hz Ti "i - cz CDI n ) C 0 I
LO H X = Zr 2E2 zcc 2r ca Zm
C). t- / ) LiJ U4 CD40 C -0 0ý 00 Co C C -4
W LU 0 LI I;. cO CO mO co H COj H C (J

0-0 a~s I -L : 0'
0 -4 H H -4 H .H. Li H L H L -4

09( LI H. 2! HHZ t 2 -.J ;m-42= -. 1
d4K LiJ .9 44 LiJ -C U.; Li < w < L LIC-

12 -j -i H -4 -4 -.1 H.- -i > _j :. >>
L AJ <. 0 > C V) 0 < LI Cp LI> C) 4c

-j .'D -a C- < 0 % C) 0 0 0P uW :2 i: = l
-j w H) H IX C)L H L C.) CNJ LI (NLI i

0 0. (A LI (A1 L) Cj 0 - H 0=
uX> L>- U- x Le 2w X2 : xLDI-

H. cx -j wX i ~ I Ii I I I I x~ Li
(A I- Wi LI Lw( L L.) LI) x LI LI Li

4 CO O I4 CO8 C4 <CO LI 0ý C

C--

em (A0-

LIW CD,
4n CD

(A< C>

ce (A. CD I-5C

CCD
o CO CID

X vN AN '
CXI.1II



-- I [

SII III Iv

I CHEMICAL DATA SYSTEM, S 'ERIES 10 PYROLYS I S UN I T WI TH EXTE:NIEDr) PiU;RAM
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II I iNFI CON I92()O QUADRUPOLE MAS"; SPECTROMFTER

IV. iNFICON IMC-2' MEMORY COPIER

Figure 1. Experimental Apparatus for Pyrolysis Studies

TABLE 2. GAS CHROMATOGRAPHIC OPERATING CONDITIONS FOR
SEPARATION OF GAS-PHASE DECOMPOSITION PRODUCTS

COLUMN 6-FOOT BY 0.125-INCH STAINLESS-STEEL PACKED WITH
CARBOSIEVE S, 120-MESH (SUPELCO INC.)

PYROLYSIS INTERFACE 140 C
TEMPERATURE

TEMPERATURE PROGRAM ISOTHERMAL 35 C FOR 4 MINUTES; THEN 20 C 'ER
MINUTES TO 175 C FOR 20 MINUTES

THERMAL CONDUCTIVITY 260 C

DETECTOR TEMPERATURE

ATTENUATION 6

HELIUM FLOW 50 M4ILLILITERS PER MINUTE

10

$fft-¶i> W rrff~,re



Vaocuum pirolyele e*09rimonts were carried out on unlabeled and N15 labeled

(ring aWW total nitrogen) HNIX. The samples were pyrolyzed under 0.03 nmn

vacuum And the deaoposition products injected directly into the mass spec-

trometer tbroughj i mole•ular leek into the ionizing chamber with all surfaces

preheated to 140 C. Mess freagmentation patterns and relative intensities for

all a/* values wore reerded then. In the quadrupole mass spectrometer, the

pyrolysis products are bombarded by a current of 70 eV electrons giving rise

to peositively cbergod ioas. A spectrum is produced by sweeping the quadrupole

filter over the desired W'e range (0 to 200).

Mi (tirn 5 Labeled) ftgg•sition

SBoples of ring V is labeled NM were pyrolyzed just above its melt region

(-300 C) under 2 ata of helium. Under these conditions, the predominant

gaseous product formed in the early stages of NJNX decomposition was nitrous

oxide (N 20) in an mweut equivalent to 51 mole percent (m/o) of the total

MME nitrogen. The identity and amounts of the other pyrolysis gases formed

are samearized in Table 3. The.e coeditions resulted in the pyrolysis of

approximately 70 w/o of the samples.

Mass spectrometric analyses of the separated product gases provided informa-

tion relative to the isotopic labeling of the nitrogen-containing products

(Table 4). Tbee. results clearly demonstrated the two principal nitrogen
15 14 15 14species. 3V20 sawd 2, to be predominantly N N 0 and N N . Thus, formation

of N20 and N does not involve N-NO2  bond cleavage under these
2 ~ 22

cond it ions.

The third nitrosen-costaiirng gaseous product, NO, was principally NI 40,

which suggests that it was derived primarily from the -NO2 group. Hydrogen

cyanide. WCS, was mot formed under these conditions, which implies a rate-

controlling process (Ref. 4).



TABLE 3. GASEOUS PRODUCT DISTRIBUTION FROM
PYROLYSIS OF HEX (RING N'5 LABELED)
(-300 C, 10 SXCOaDS, 2 ATM HELIUM*)

i N WI I161 1 PIR(IINI M(IIl 1IRCINI 140111 IRRIINIT
Pm0I1111 I YILLD YIt.LD IRUX4 N YI1LD IRONM C

m , 1( 26

NU 15 I18

N 20 31 51

NH3 1

HCN 0 0j 0

c 5 13

co' 11 19

(11, O 1 28
+5

(IIl I 5

1120 9
94 97 65

•*SAMPLE WAS 70% PYROLYZED.

TABLE 4. LABELED GASEOUS PRODUCT DISTRIBUTION FOR HEX
(RING N15) PYROLYSIS (--300 C, 10 SECONDS, 2 ATM HELIUM*)

mRELATIVE MOLE PERCENT MOLE PERCENT

LABELED MASS PERCENT CONTRIBUTION YIELD BASED
PRODUCT NO. INTENSITY FROM TOTAL N ON TOTAL N

N14  N14  28 0 0

N 1 5  N1 4  29 95 25 26

15 15
N N' 30 5 1

14
N 0 36 90 16

15 10:8N - () 1 : 10 -
irNN

N N14 =N 14 0 4
1 414 41

.NIN 1 4 O 45 98

N`15=N 1 0 46 2

H. N
14  27 0 ,•llm HC N1

_______ 28 0
i*SATPLE WAS 70 PYROLYZED

~ ~. - -. .-- -- - -,------ - .----- ~- - r , - - - - _________



Samples of the ring N15 labeled HMX also were pyrolyzed at high temperature

(-800 C) under 2 atm of helium. Under these conditions, NO was the prin-

cipal gaseous product and accounted for 42 m/o of the total HMX nitrogen

(Table 5). The other tw'o major nitrogen-containing gaseous products were

N 2 (21 m/o) and N20 (18 m/o). The pyrolysis of HJ•X at 800 C was near

quantitative.

TABLE 5, GASEOUS PRODUCT DISTRIBUTION FROM HMX (RING N1 5 )
PYROLYSIS (-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT [MOLE PERCENT
PRODUCT YIELD YIELD FROM NIYIELD FROM C.

N2  8 21

NO 35 4 2

N20 11 18

NH3  0 0

HCN 13 17 35

CO 12 32-

CO9  11 19

CH20 0 0

CH4  1

H 2 01

H2 0 i) O...

i100 983 36

Based on the results suniiarized in Tables 3 and 5, the major differences

observed for the amounts of the nitrogen-containing product gases formed at

-300 versus -800 C were as follows:

1. The formation or N20 decreasea sigaificantly at the hiher

temperature

2. The amount of NO formed at l-800 C was greaaec



,io II IIt,

3. A slight decrease was obverved in the N yield
2

4. A significant amount of HCN was formed at tho higher temperature

5. No NH3 was observed at the higher pyrolysis temperature

A similar comparison of the carbon-containing product gases indicates the

following with increased temperature:

1. Rn increase In the amount of CO

2. A decrease in the yield of CH 20 from 28 to 0 m/o

3. Virtuelly no change in the amounts of CO2 and CH4

Mass spectrometric analyses of the product gases obtained at -0Bo c are

summarized in Table 6. The isotopic ccmpositions of N2 0 and NO were pre-
15 14 142

dominintly N N 0 and N 0, as war observed for the pyrolysis of HNX

at the lower temperature. The isotopic composition of the N2 gas was some-

what different than previously observed in that the amounts of N14N14 and
15 15 15

14 N were higher. The major amount of HCN was comprised of N
15

Iwhich supports the conclusion that it was formed from ring labeled N

TABLE 6. LABELED GASEOUS PRODUCT DISTRIBUTION FROh HMX
(RING N1 5 ) PYROLYSIS (-800 C, 10 SECONDS, 2 ATM HELIUN)

RELATIVE MOLE PERCFNT MOLE PERCENT
LABELLU MASS PERCENT CONTRIBUTION YILLU BASED
PRODUCT NO. INTENSITY FROM TOTAL N ON TOTAL N

N 14 _N 1 4  28 15

N1 5•N1 4  29 75 16 21

N30 10 2

N 14= 0 30 90 38

N15 _:0 31 l 4 ' J
N14=N14=C 44 0 C '

IN m N 0 45 :95 17 18

15 15N z N *(r 46 5 ,

"HC-_N14  27 1i

HCmIi5  28 35 '5 -

I nm ,__-_- ..... ___



SacondayN 2 • Gas-Phase Reaction Considerations

Explanations were sought for the observed differences in the N 20 and NO

yields as a function of increasing temperature. The observed increased NO

yield, for example, might be due to secondary gas-phase reactions of N2 0.

A possible N2 0 gas-phase reaction is (Ref. 5):

N20 + 0 2NO E = 24 kcal/mole

This should give equal parts of N 140 and N 150 from the observed N 15N 140.

However, since 90% of the recovered NO at high temperature was N 140, this

reaction does not appear to be a predominant one. A more likely explanation

for the higher yield of NO is based on the previously reported work of

Axworthy et al. (Ref. 4), who showed that NO was formed predominantly from

HMX primary pyrolysis processes and not by secondary gas-phase reactions.

Nitrous oxide also is known to undergo the following reactions leading to

N2 formation (Ref. 5).

NO2+0 + 0 N 2 + 02 E = 0.5 kcal/mote

N2C + CO •N2 + CO2 E = 17 kcal/mole

NO2+0 + M N 2 + 0 + N E = 51 kcal/mo01

(where M is an inert species)

These reactions would tive N15N14 from N5 N 14C Thus, the observed

N13N14 may have resulted from secondary N 20 reactions However, since
the N2 yield decreased only slightly with increasing temperature, the large

N 20 decrease cannot be accounted fo: totally by such secondary reactions.

Finally, reactions of N 20 witr carbon specieE that migft result in tbe

formation of HCN are unlikely.



The observed experimental results for the NO and N 20 yields versus pyroly-

sis temperature are in a&reement with the work of Axworthy (Ref. 4). Tho

conclusions are that the yields are the result of primary pyrolysui procezfo!

and not secondary gas-phase reactions. In separate experiments performed on

the pyrolysis of RDX, it was found that the yields of N20 and CH2 0 were

only half those from HMX and that the NO yields were greater at temperatures

below 800 C.

Since the N 20 and NO yields are due to primary pyrolysis peocesues, the

larger N 20 and CH 20 yields from HMX imply a weaker C--N Iond strength

(greater ring strain) than that of RDX. This is in agreement with the calcu-

lated thermodynamic estimates made by Shaw and Walter (Ref. 6). Thus, from

the data obtained here and those previously mentioned, C-N bond breaking in

HMX occurs to a greater extent than N-NO bond cleavige near the melt

region. As the temperature is increased, the N-NO2 bond scission proceeds

at a faster rate than C-N bond rupture, which results in greater NO yields.

Although the current work indicates that N 20 and N2 form without rupture

of the U--NO2 bond, the conclusion that the initiation step cannot involve

cleavage of the N-NO2 bond is unwarranted. This would be true only if all

of the nitrogen atoms in the parent HEX molecule ended up as N 20 and N .

Based on the experimental results, this is not the case since 18 m/o NO was

recovered just above the melt region of HMX. Therefore, the initial step

could be a rupture of the N-NO2 bond leading to nitrogen dioxide (NO 2) or

nitrous acid (HONO) elimination followed by NO formation from these unstable

species.

Vacuum Decomposition o2 Isotopically Labeled and Unlabeled HEX

The decomposition mechanism of N15 labeled and unlabeled HEX was investi-

gated further at -800 C (10 seconds) under vacuum (0.03 mm) The pyrolysis

gases were injected directly into tha mass spectrometer to determine all

gaseous species initially formed. rhe resulting mass fragmentation patterns

were quite complex (Tables 7 througtý ?. Therefore, a theoretical analysis



TABLE 7. MASS FRAGMENTATION PATTERN FOR GASEOUS PRODUCTS
FROM HMX PYROLYSIS (-800 C, 10 SECONDS, 0.03 mn)
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TABLE 8. KIASS FIAGI1EXTATION PATTERN FOR GASEOUS PRODucTS 730K Hmll
(RING N1) MYOLTSIS (-600 C, 10 SECONDS, 0.03 m)

POSSIBLE SPECIES RELATIVE INTENSITY

1 ilI18

25

12 C 4

13 CH 1

14 N, CH., 8

I N ( NH 3 NH1 3

lb 0, N H 10

I/ 08, 15 H NH3  23

S1313)

co , IH
10 H 0 NI , ( 13, 65I

2'

15

.(N , 2N 6

15

i __ OH, ~(N 15 ,, NH 223
1- H0, HNl C N N-1

?1 NhN H, Nti, CH N, CHO 18
2,3

I 15 15O1
30 NO. CH ?0, N 2  h C 2 N 'H, CriN10

830, N 10, HNO 4

I/ NC N

4') CNN, CN1,H 2 H CH, ChNCH1

15 14 15-41 NCHN, ,UNCH ,N, HN 18

<m 5 C 15H N15 1

42 11 ?NN , CH 20NO, I 5 N , N ChN, HCN OCH, 6CN 2

15Jb 5 1~ '5"41 08 N 1 CH H0(N, HN N, N' JN "OCIN

441 cN?, 0N 0 IUN,, NUCNN N 2 U, N CH, NH

15 14 15 h
45 N IN 0, N CH2 N N'I, FNNC 22

4 NO , HN' 'NO 1___ -



TABLE 9. MASS FRAGMENTATION PATTERN FOR GASEOUS PRODUCTS
FROM HMX (TOTAL N15) PYROLYSIS
(-800 C, 10 SECONDS, 0.03 mm)

2 Ii,, 2

1l 2 I H

14 tH

1 N 1 LI 12

17 3K, N 1 ) 34

1U 1

30 ~4e

ii, N 1  H

40 f,5 N 1 ('H L 1 CIN' (104

4] N 1 ('H 1 N )li, c) ý1

t61 N ID N

12 1' 1IL

Jt• l Nt , It (N' (iI

44) C.1 5 Ci N 5, .:h,,l tl, CD• I5, (H> ;

4l N] l (i N • '11 (I(N 0
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of the mass fregmentation patterns was performed. The basis for the analysis

was the mLss spectral data reported by Cornu (Ref. 7) for those gaseous

prodýicts fiund during the HNX pyrolysis studies conducted at '-800 C under

2 atm of helium. Table 10 is a compilation of Cornuls mass spectral data,

and the relative intensities given are bajed on the reference gas n-butane.

The data summarized in Table 10 indicate the complex mass fragmentation pat-

tern one might expect based on the listed gases. The w/o product gas yields

from the pyrolysis of HKX at -800 C in 2 atm of helium are summarized in

Table 11. Based on the assumption that the product gas yields are similar at

800 C under 2 atm of helium or 0.03 mm of pressure, one can predict a theo-

retical mass fragmentation pattern for the product gases due to electron bor-

bardment. This theoretica] fragmentation pattern is given at the bottom of

Table 10 for which a mass of 30 (NO) was used as a baseline with a relative

intensity of 100. The following discussion will refer to this theoretical

fragmentation pattern for which there are significant differences.

The m/9 values of 1 and 2 (Table 7) are due to H atoms and H2 , respec-

tively. As shown in Table 1i, the H yields were less than 1 w/o.
2

The n/e value of 15 (Table 7) is neveral times larger than that predicted

(Table 10), which suggests that NH or CH3 formation from HNI results from

primary and/or secondary thermal decomposition procesbes, and is not totally

due to mass fragmentation by electron impact of the gaseous productu.

The hydroxyl radical, not NH3 , is believed to account for the W/e value of

17 (Tabie 7). Annonia is known to be thermally unstable above 400 C. partic-

ularly in the presence of oxygen and/or hydrogen atoms (R.f. 8). In addi-

tion, the current studies have shown no NH3 from FMH1 p.rolysis at -800 C

(Table 11). The expected W/e ratio of 18 to 17 for' H 2C is approxim&tely 5

to 1. The rac..os fours for HfX (Table 7), ring labeled N (Table 8), and
15

total N labeled HMX (Table 9) are all significantly smaller, suggesting

some OH formation during the hMlU primary or secondary thermal decomposition

and not all from mass fragmentation o. e20 by electron impact.
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TABLE 11. GASEOUS PRODUCT DISTRIBUTION FROM HMX PYROLYSIS

(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCEN T  MOLE PERCENT
PRODUCT YIELD YIELD FROM N YIELD FROM C

N2  10 26

NO 30 37

N2 0 11 18

NH3  0 0

HCN 13 18 36

CO 12 32

CO2  11 I8

CH20 0 0

CH4  <1 <5

H2  <1

212

99 99 86

The m/e ratio of ?i (Table 7) can be accounted for only by HCN. It was con-

eluded earlier thLat :HCH formation way be a rate--controlling process, partic-

ulgrly at low temperatures (-300 C).

The mn/e rktio of 28 is attitn ted to CO. N2 ,, and CH2N with the first tw,

')eing mmjor gaseous products foam the decomposition of HEim at -800 C

(Table 11).

2;



The assignments made for m/e value of 29 are to the species CH 2 NH or

CH 3 N, ard not CHO because the latter, formed from formaldehyde, is known to

undergo highly exothermic gas-phase reaction with oxides of nitrogen

(Ref. 9). Confirmation for the m/e assignment to CH 2NH or CH 3N inter-

mediates is given by the presence of a m/e value of 29 (CH2 N ) for the

pyrolysis of totally N15 labeled HMX (Table 9). The possibility exists

that these species can serve as precursors for HCN via further hydrogen

abstraction. The relative intensity (24) for these species is significant

(Table 7).

Thb m/e ratio of 30 (Table 7) is assigned to NO, which is the major HNX

decomposition product at -800 C. As previously mentioned, Cl 20 is an

unlikely species due to its high reactivity toward nitrogen oxides. The m/e

value of 31, listed in Table 8, obtained from the pyrolysis of ring N15

labeled HMX, confirms the earlier conclusion that the majority of the NO is

derived from the NO2 nitrogens.

The m/e values of 39 to 43 may be due to a variety of CNH fragments as shown

in Tables 7 through 9. Of particular interest is the w/c ratio of 43 with a

relative intensity of 20 obtained for unlabeled HMX (Table 7). Possible

species are NCH 2NH or HOCN (cyanic acid). The species NCH 2NH seems

unlikely due to the lack of . similar intensity fot a m/e ratio of 45,

N isCHN 5H, from the pyrolysis of totally N15 labeled HMX (Table 9).
Cyanic acid boils at 23.5 C at atmospheric presaure and is a corrosive, very

unstable liquid. It pol~merizes spontaneously to form cyamelide (CNOH) x

and cyaniiric acid:

N

)IO-C NC-0M

N N

\ /
OC

•, On



The proportion of cyanuric acid increases with temperature (Ref. 10). Above

360 C, cyanuric acid undergoes decomposition. Cyanic acid may be the source

then of the polymeric residues observed from H!U decomposition reported by

numerous investigators. particularly at low temperatures.

The m/e ratio of 44 (Table 7) is attributed to N2 0, CO2,, and/or CH 2 NO;

the first two compounds are major gaseous products from the pyrolysis of HIX

at -800 C (Table 11). Additional confirmation for N 0 was obtained from
15 2

the pyrolysis of totally N15 labeled HIO, which resulted in a m/e value of
1546 for N 0 (Table 9).

The reduction of NO by NH3 to N 20 involves an intermediate HNNO (Ref. 8).

The m/e value of 45, therefore, may be an indication of the presence of this

intermediate.

Nitrogen dioxide accounts for the observed m/e ratlo of 46. Under the
thermal conditions used, a major amount of any NO2 formed would not be j
expected to survive, thereby resulting in the observed low relative intensity

(Table 7). At temperatures <140 C, NO. decomposes to NO and 0 and the
It 2

reaction is quantitative above 600 C. In addition, NO2 can undergo various

gas phase reactions such as the following (Rof. 9), which result in the

products observed in this study:

AH, kcal/mole

NO2 + H 4NO + OH -28.9

NO2 , 0 t NO + 02 -45.9

NO2 + HCO NO + H + CO2 -33.7

NO2 *HCC- HDNO 3 CO -6

NO 2 -CHO - HONO + HCO "-.4

-+ 
9 

+



EFFECT OF ENERGETIC ADDITIVES ON HMX DECOMPOSITION

The effect of various energetic additives on the decomposition mechanism of

HMX and its gaseous decomposition products was determined. The approach used

was to determine any significant deviations between the experimental and

theoretically predicted quantities of the gaseous products. If such devia-

tions were observed, it could be concluded that the decomposition gases of

the additive underwent a chemical and/or thermal interaction with those of

HMX. In addition, a knowledge of the decomposition mechanism of the energe-

tic additives and their interaction in the decomposition of HMX should lead

to a better understanding of nitramine decomposition.

Premixed samples were prepared of HMX and the additive. The pyrolysis of the

mixtures was conducted under 2 atm of helium at a maximum heating rate of

approximately 850 C per second and held for 10 seconds in all experiments.

Pyrolysis of Triaminoguanidine Nitrate (TAGN)

Pure TAGN was pyrolyzed at -800 and -400 C, and the gaseous product dis-

tributions obtained are summarized in Tables 12 and 13, respectively. At the

higher temperature, N2 was the major nitrogen-containing product and no

NH3 was noted. When the pyrolysis was performed at the lower temperature,

N2 wat again the major product but, in addition, a significant amount of

NH3 (20 m/o) also was noted.

Thermal Decomposition of HMX/TAGN Mixtures

The gaseous product distribution obtained from the pyrolysis Df an 80 HMX-20

TAGN w/o mixture at -800 C is given in Table 14. An ar.alysis was performed

on the degree of interaction between HKX and TA.:N. This consisted of a com-

parison of the measured gas yields with those predicted (number* in parenthe-

ses) by addition of the weighted product distributions from pure HMX and TAGN

pyrolyzed Lnder similar conditions. The tey deviations noted in this analy-

sis were those for N2 and NO (Table 14-

2•



TABLE 12. GASEOUS PRODUCT DISTRIBUTION FROM TAGN PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCLNI MULL PLRtLNf MOLL PLRCLNT
PRODUCr YIELD YIEL) FROM N YIELD FROM C

N,, 55 94

NO 1

N2 0 '

NH3  0 0

HCN 5 4 31

CO 7 42

Co2  9 34

CH20 0 0

S 114 0 0

H2

, I'• ~~~~H20... ...

9I99lo

TABLE 13. GASEOUS PRODUCT DISTRIBUTION FROM TAGN PYROLYSIS
(-400 C, 10 SECONDS, 2 ATM HELIUM)*

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT
PRODUCT YIELD YIELD FROM N YIELD FROM C

N2 46 78

NO I 1

N2 0 6 6

NH3  14 20

HCN 6

CO 4 24

202 13 49

CH20 0 a

CH4 10

H.

H ?G I I

J 98 i 104 79
*THE SAMPLE WAS 75," DYROLYZEL2

2,



TABLE 14. PRODUCT DISTRIBUTION FROM 80 HMX-20 W/O TAGN PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT

PRODUCT YIELD YIELD FROM N YIELD FROM C

N2  22 52 (40)*

NO 20 22 (30)

N20 11 17 (14)

NH3  0 0 (0)

HCN 10 12 (15) 31 (35)

CO 12 36 (34)

CO2  12 23 (21)

CH20 G 0 (01
Crk4  •I <5 (5~)

H2  ',1

H2 0 12
1 99 103 90

*VALUES IN PARENTHESES ARE THOSE PREDICTED BASED ON
WEIGHTED GASEOUS PRODUCT DISTRIBUTIONS FROM QURK
HMX AND TAGN

Miller et al (Ref. 8) recently deve~opea a chemical kinetic mode! that
explains the important features of the exothermic reduction of NO by NH3 in
the presence of oxygen. Essential to the model is a mechanism that involves
the reduction of NO by amldogen (NH2), which is formed from NH The NO
reduction is most effective between 700 and 1000 C. At temperatures above
1200 C, the process becomes counterproductive and results in nonreduction of
NO. Hydrogen lowers the effective temperature region Dy -5%. In addition,
OH radicals accelerate the conversi3n of NH3 to NH However-, .n excess
of OH radicals was fou;nd to have an Inhibiting effect on the reduccion of NO

by NH3 , particularly at temperatures >12G0 C.

P3



The current studies cn the decomposition of HNX at -800 C have shown that

NO is a major product, while NH3 is a product of the pyrolysis at -300 C,

but none is observed at -800 C. Furthermore, there is experimental evi-

dence that OH radicals and H2 are products of the decomposition of MOIX

(Vacuum Decomposition of Isotopically Labeled and Unlabeled HIN Section).

Thus, based on Miller's kinetic model, an optimum environment exists for NO

reduction except for the presence of NH2 -type intermediates. This suggests

that the combust'ion of HFX might be modified by the incorporation of

additives which, on decomposition, would yield these types of species.

The generation of N2 and H 20 in high yields and NO in a much lower amount

during the pyrolysis of TAGN (Table 12) implies that NO is being reduced by

NH3 formed during the thermal decomposition process. Therefore, since this

appears to be the case, it is not surprising that there was no dramatic

deviation between the observed and predicted NO values (Table 14). An addi-

tive capable of generating NH2 intermediates, but which contains little or

no oxygen, would be a more effective ingredient for promoting zhemical

interactions with the HMX generated NO.

Bistriaminoguanidinium Azobitetrazole (TAGZT)

The compound TAGZT is quite similar to TAGN except that it contains no oxy-

gen. TAGZT was pyrolyzed at -800 C end, as expected, a much larger amount

(16 m/o) of NH3 was measured (Table 15).

Pyrolysis of HHX-TAGZT Mixtures

The first series of pyrolyses were conducted on a mixture o: 80 lHn (ring

labeled N 15) and 20 w/o TAGZT to establish the extent of NO reduction by
the cogenerated NH, and/or its -NH derivative. The gaseous product dis-

tributions, including the N l-abeled products, are given in Tables 16 and

17. As before, a comparison wis made of the predicted and experimentally

found quantities of the products to determln6 the extert of interaction. The

principal finding from this analysis was a major reduction in the amount of

NO theoretically expected and a dcubling of the amount of N . In concert

with this results, irger yl6lds of CO and CO, were ibserved.
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TABLE 15. PRODUCT DISTRIBUTION FROM TAGZT PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)*

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT

PRODUCT YIELD YIELD FROM N YIELD FROM C

Ng 62 75

NO <1 0

N 0 <10

NH3  16 16 I
HCN 15 9 52

CO <1 0

CO2  <1 0

CH2 0 0 0

CH4  1 6

H2c

96 lO0 58

*APPROXIMATELY 90% OF THE SAMPLE WAS PYROLYZED

UNDER THESE CONDITIONS.



TABLE 16. PRODUCT DISTRIBUTION FROM 80 H[X
(RING N1 5 )-20 W/O TAGZT PYROLYSIS

(-800 C, 10 SECONDS, 2 ATM HELIUM)

WIIrtll I'iI Ik INI MULl (I(INI MIIII I I INI
PRODUCT YIELD YIELD FROM N YIIID IRON C,

N2  32 68 (32)*

NO 13 13 (34)

N2 0 7 9 (14)

N11, 0 0 (3)

(HTN 9 10 15) 25 (38)

CIO 6 44 (26)

(co 14 25 (15)

l(A,",O 0 (0)

1CH4 (,5)
/4

I (TO 1 Do 94

*VAIUIC IN PARENTHESES ARE THOSE PREDICTED BASED ON
WI IGHTItD CONIRIBUTIONS OF THF PURE COMPOUNDS.

TABLE 17. LABELED PRODUCT DISTRIBUTION FROM 80 HKK (RING N1 5 )-
20 W/O TAGZT PYROLYSIS (-800 C, 10 SECONDS, 2 ATM HELIUM)

MOLE PERCENT MOLE
LABELU ,ASS RI',ATIV[ PERCENT CONTRIBUTiON PI[C)NT YIELD
PRODUCT NO. iNTENSITY FROM TOTAL N FROM TOTAL N

N14 N14  28 SO 34

N1 5 N1 4  19 45 68 (32),

N15 N15 30 5 3

N 0 3 01 35 13 (34)
51

NV ('I 1 I

N 14=N 14 0C C.

N , 14- 4C ' (14)

N___ 8 4E6 2

IC N 17 46

', '0 (15)- IC N15 21 ) 711

I*V,iIUt IN PARENIHESL- ARr THOSW PREDIC t-J BASC.D IN
E J(,IIfT I) (INTR1301lkCN% 01 TI PURE COMPOUNDS



Analyses of the results shown in Table 17, when compared to those presented

in Table 6, support the hypothesis that NH 3-derived intermediates can

indeed interact with the decomposition gases of HMX. For example, the N2
14 14 15 'i42

consisted of nearly equal amounts of N N and N N , as compared

to essentially pure NisN14 when neat ring labeled N15 was used. Since

it was observed that this type of isotopically labeled HMX gave primarily

N 40 when pyrolyzed (Table 6), the N2 isotopic mixture observed from the

decomposition of the HMX-TAGZT sample must have resulted from the interaction

of the N 40 with N 14H3 X from the TAGZT. Further substantiation of

this mechanism is the fact that the observed quantity of NI4N14 could not

have come from the TAGZT alone.

The effectiveness of TAGZT on the ceduction of NO generated from HMX was

further tested by pyrolysis of a 60 HMX-40 w/o TAGZT mixture under similar

conditions (Table 18). In this case, the NO yield was reduced by a ftctor of

3 and the N2 yield increased by a factor less than 2. (The smaller N2

increase was due to the greater quantity of TAGZT in the mixture.)

TABLE 18. PRODUCT DISTRIBUTION FROM 60 HMX-40 W/O TAGZI PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

1-ýcl PNE1 MA L R C! NT MGLF PPF( l NT
P~UDJC~ I"11;) YILD FUMN 1LI FkWA -

7N? (46'

NN

NH 
I

I E-

S(I)

V iI r I N I'4 i[ Nu, I E AR: IW , 'R I )N
Im(iHIT; OorIl, 0, HLl 'J t I i )

II
tLrinz•zt t~ r.) .i~z ____________________



The above test results indicated the potential attributes of TAGZT for modi-

fying the combustion of HiX, which was demonstrated further during burning

rate studies on propellants containing this ingredient (see Combustion Rate

Studies section).

In conclusion, a summary of those factors that influence the effectiveness of

the exothermic HiX-NO reduction by additive NH2 intermediates, as deter-

mined by this study and those referenced, is given below:

1. The effective temperature region of the exothermic NO reduction to

N2 by NH2 intermediates is -700 to 1200 C (Ref. 11)

2. The concentration ratio of NH3 to NO is critical

3. Diffusional gradients may be the most important factor, thus, addi-

tive particle size is very important

4. Matching of additive and nitramine decomposition temperature

5. Rate of additive decomposition

6. Self-consumption of NH2 by the additive itself, thus negating

chemical interaction with HKX-NO (TAGN decomposes in such a manner)

Bisdiammoniumn Azobtetrazole (DAZT)

This compound is the diammonium analog of TAGZT. Pyrolysis studies were

conducted on neat DAZT and HMX-DAZT mixtures to determine the extent of

interaction of the gaseous decomposition products.

The gaseous products and thei: amounts from the decompo'ition of DAZT are

summarized in Table 19. This compound, unlike TAGZT, exploded upon initia-

tion of the pyrolysis. Nitrogen was a major product (66 m/o) and hydrazine

(27 m/o), not found as a decomposition product of TACZT, was formed at a

higher level than NH3 %i m/o). A possible explanation for the formmtion of

N2H4 in suct, quantities meý be due to coupln6 reactions of NH2 radi-

cals produced by the decomposition of NH3 generated during the pyrolysis of

DAZT.

3WON"



TABLE 1Q. PRODUCT DISTRIBUTION FROM DAZT PYROLYSISA
>~800 C, 10 SECONDS, 2 ATM HELIUM)

WI IG11T P1IR(.NI MOLL 1PR([ NI Mutlt I P(ANI
R0I)lI1, I Y I ) YII) I I p Nj N ii NR M Y

N , I •Stl

NO N{ I (I I

N I,

W( N I(, h

Cif

:11,1

I , 1

100 108 7

XiAPL IINDER THESE PYROLYISS CONDI1IONS

Pyrolsis of HMX-DAZT Mixture

Pyrolysis studies were conducted on an 80 HKX-20 w/o DAZT rmixture and the

products identified and quentified (Table 20) On oi7casion, thi; mixture

detonated during the pyrolysis. In those instdnces, no significant

differences were noted in the nature o" quantity of vne products.

As observed for the HMX-fAGZT mixture, the adAition of DAZT to HMA resulted

in a significant decrease in the theoretically predicted lield of !O and an

increase in the N2 yield. The NH3 yield was reduced to 0'., wbheveas trie

N2H4 did not appear to undergo any oxidation dAring the pyrolysis. Oth.•r

wise, the producc distribution sas similar to that previously 7eported .-or

the 80 HMX-?0 w/o TAGZT mixture (Table 16ý
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TABLE 20. PRODUCT DISTRIBUTION FROM 80 Hk,7--.20 W/O DAZT PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

W( 10;T1 PLRCLNI MOLL PIRCENT MOLE PLKHLNT
PRODUCI YIELD YIELD FROM N YIELD FROM C

N? 27 5 (34)*

NO 1., 1.3 (10)

N ? 9 :2 (14)

NH 0 6 (2)

N2 H4  S 9 (5)

HCN 6 7 (16) 17 (.36)

CO 11 13 (26)

(:0' 19 34 (14)

C.200 0 (03)C;,o o) o (4,

CH4 0 4'

[ O0 98 1 82

*VAL0fS IN PARENTHESES ARE WEIGHTED AMOUNTS OF THE
FXPECTET C ASES ASSUMING No INTERACTION

Anmmonium 5-Nitraminotetrazole ( ANAT)

The chemical composition of ANAT provides an equimolar balance of nitramine

and a.nmonium groups so that one might expect a qudntitative reduction of the

NO by NH3 , both generated by the decomposition of ANAT. The decomposition

gases formed during the pyrolysis of ANAT nt 800 C are summarized in

Table 21. rhe principal results were a high yield (89 m/o) of N2 and a

very low yield (3 m/o) of NO, as was expected from the chemical interaction

between NO and NtI,3.

PRLrolkis of HMX-ANAT Mixture

The effect of A?4AT in the deemposit.ion of 8HZ was measured on a 80 HM1-?0

w/o kAAT mixture. The rceults, summu&r-zed in Table 22, again demonstrated

that additives containing moietios capable of Seneratint NH3V and from it

NH 2-type irntermediates, can reduce signilicantiy the theoretical yield of

NO by a zhemical inLeyaction.
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TABLE 21. PRODUCT DISTrRIBUTION FROM ANAT PYROYLYSIS
(-"800 C, 10 SECONDS, 2 ATM HELIUM)

W.I (;HT PLRtFNT M• LL PIL LNI MOLL - RC'[N "

PRODUC I Y1 I ( YIEL+D FROM N vIt L0 FROM c

N., W0 89

NO I5 I

N ,) I 1

Nil

N 214 .3

HCN 6 5 3"

CO .31

CII.O 0 0

CH 4 1 9

H 1

HO 13.

I0 O 10 86

TABLE 22. PRODUCT DISTRIBUTION FROM 80 HMX-20 W/O ANAT PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM H3LIUVA

T .IGh: L.. RW.LNF MOLL PERCEINT MOLL Pi1CLP NT
PRODUCT iELD YIELI) FROM N YILLD FROM C

[N 2  26 oO) (39)

NO 9 0 (30)

NH1  0 0 (0)

N,2h4 0 0 (i

e HCsN <6 , 24 (35)

O 12 35 (32)

CK 2 14 
26 t!))0H20 L) 6 o

"•H41 
, )

HU 2

2: ___ l1)2 -- 15

*THE VALUES 1l' PARLiNTHESES PR: li0jS- PREDI(6o ) 0 AS A ) GN
WE!GHTEO AMOUNTS OCPRV;D kOM IE EXLFCTF ELDS W II
THE :,.)IVIOU1A COMPONENTS.

I3
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l.7-DiazAiod- 42 i rinitrazahe t tne LDA

DATH is an azido containinIf nitramlne and it was investigated to determine

the effect of the Pzldo group on the dec(mpositlon of the nitramire moiety.

The results obtained on the pyroliis of neat DATH, summarized in Table 23,

strongly suggest a signi.ficant influence of the azide group on the nitramine

decomposition mechanism ot DATH.

TABLE 23. PRODUCT DISTRIBUTION FROMI DATH PYROLYSIS
(--800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENI MOLE PERCENT MOLE PERCENT

PRODUCT YIELD YIELD FROM N YIELD FROM C

N2  45 86

NO 4 4

N20 3 4

NH3  0 0

HCN 4 4 12

CO 25 71

CO2 11 20

CHO 6 0

CHG4 5

H 2

H0O - . .0 7

ion 98 103

Pyrolysis of N1 5 Labeled DATF

Isotopically 3abeled OATH, with the center nitrogen )f the azide grotp N 5

labeled, was prepared from NaNr 15N and pyrolyzec under th'e standard condi-

tions to gain a better understanding oi the azide-nitramine interaction. A

comparison of the rasults, summarized ir. Tables 23 and 24, shows that the

product distributions are near identical. Mass spectrometer analyses were

performed on the decomposition gases from the labeled DATH (Table 25), whlzh

indicated that the 42 consisted ef N 15N14 and N1 N14 in a ratio Uf

1/3 to 2/3, res2ectively Tnis indicstes that both azide gi:-tps cf DATH

3-



TABLE 24. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CFNTER N1 5 LABELED DATH
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WI I61 II I IRCI NI MOL1 PLRCIN, MOL1 PIRCINT
PRUDUCIT YIEII) Y IEDLD FROM N Y1.1 I) I ROM C

N 47 89

No 3 3

N2 0 3 4

NHý 0 o

HCN 3 3

CO 2% 77

CO2  11 20

Chi2 0 0 0

CH4 . , 5

H 1

H20 _5....

100 99 106

TABLE 25. LABELED (N 1.5 ) PRODUCT DISTRIBUTION FROY PYROLYSIS OF CENTER
N1 5 LABELED DATH

(-800 C, 10 SECONDS, 2 ATM HELIUM)

1 MOLE PERCENT MOLE
LABELED MASS RELATIVE PERCENT CONTRIBUTION' PERCENT YIELD
PRODUCT NO. INTENSITY FROM TOTAL N FROM I-OTAL N

N14. ~N14  2)8 65 58

N 1 5 -N1 4  29 35 31 89

N1 5 :N1 5  30 0 3

N' 4 =0 30 90 1

N1 5=O 31 10 1 3

N15=N4=N 0 44 85 )

N 15=N 1=0 45 15 ,

=NI 0 46 5

HC-N1 4  27 1003

HC=-N1 5 28 ,0.3



decompose via U., evolution, which results in the observed 1 5 N1 4 yield

of 31 m/o. The N14N14 then must be the decomposition product of the

N-NO., group. The oxygen present in the NO2 groups result in high yields

of CO and CO2 .

15
The pyrolysis of N labeled DATH also was investigated at a temperature

slightly above its melting point(-140 C). Based on the results obtained -1

(Table 26), the C-N bond of DATH is less stable than the azide linkage. This

conclusion is reached on the basis that N20 was the major decomposition

gas, rather than N2 , along with CH20. This observation a. comparable to

that previously discussed for HMX where C-N bond cleavage was faster than

N-NO2 bond rupture at -300 C.

TABLE 26. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER N1 5 LABELED
DATH AT -140 C* (10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT

PRODUCT YIELD YIELD FROM N YIELD FROM C

N 2 13 25

NO a 0

N20 61 74

NH3 0 0

$CN 0 0 0

Co 0 0c 2O 2 4

C1 20 20 54

CH4 0 0

h 2G 2...LH 20

98 99 35

*APaROXIMATELY' 3CU OF THE SAMPLE AAS PYkO !ZED UNER

1  THESE CONDITIONS

!'I
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decompose via N2 evolution, which results in the observed NisN14 yield
of 31 mro. The N 14N then must be the decomposition product of the

N-NO group. The oxygen present in the NO groups result in high yields
2 2

of CO and CO.
2'

The pyrolysis of N15 labeled DATH also was investigated at a temperature

slightly above its melting point(-140 C). Based on the results obtained

(Table 26), the C-N bond of DATH is less stable than the azide linkage. This

conclusion is reached on the basis that N20 was the major decomposition

gas, rather than N2 , along with CH2 0. This observation s comparable to

that previously discussed for HZX where C-N bond cleavage was faster than

N-NO2 bond rupture at -300 C.

TABLE 26. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER N1 5 LABELED
DATH AT -140 C* (10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT
PRODUC', YIELD YIELD FROM N YIELD FROM C

-i 2 13 25

NO 0 0

N20 61 74

NH3  0 0

HCN 0 0 0

CO 0 0

C02 2 4

CH 0O 54
220

CH4  0

H2 0

H20 ON N __2
98 99 35

*APPROXIMATEL'! 3C% OF THE SAMPLE AAS PYAOI ZED UNOER
THESE CONDITIONS

3d



.................

While the pyrolysis of DATH was only -30V at 140 C, its decomposition at

-160 C was quantitative. The product distribution at this temperature

(Table 27) was quite similar to that observed at -800 C (Table 23).

TABLE 27. PRODUCT DISTRIBUTION FROM PYROLYSIS OF CENTER N1 5

LABELED DATH AT -160 C (10 SECONDS, 2 ATM HELIUM)

WEIGIIT PERCENT MOLE PERCENT MOLE PERCENT
PRODUCT YIELD YIELD FROM N VIELD FROM C

N2 44 q3

NO 1 6

N•O 9 1I

NH3  0 0

HCN 3 3 9

CO 22 63

CO2  9 16

CH2 0 0 0

Ch4 1 5

H. 1

H 20 r
100 1 0 3_ 8

Pyrolysis of HMX-DATH Mixture

Mixtures of HMX and unlabeled DATH M80 and 20 w/o, respectively) were pyro--

lyzed at -300 and -800 C. The studies conducted at the lower temperature

gave a higher NO but lower N2 0 yield than those predlcted from the theoret-

ical yields of the individual reactants (Table 28). The pyrolysis results

obtained at -800 C (Table 29) were more in l:.ne with those expected assum-

in6 no chemical interaction between the proauct gases. The conclusion

reached from these studies is that-, 4;;like the previo'.sly discusseo addi-

tives, which can generate NH3 and its dissociation species, any accelera-

tion in the decomposiiton of HMX by DATH will result via the exothermic

decomposition of the azide gcoup and not by chemical interactircns of the

product g&Lses.

i ....



TABLE 28. PRODUCT DISTRIBUTION FROM 80 HNX-20 W/O DATH PYROLYSIS*
(°-300 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENI
PRODUCT YIELD YIELD FROM N YIELD FROM C

N2  15 37 (37)**

NO 24 28 (16)

N2 0 20 31 (43)

NH3  0 0 (2)

HCN 8 10 (1) 22 (2)

CO 11 29 (23)

CO2 12 20 (18)

ýH20 0 C ,22;

CH4  '1 <5 (-4)

H2

H20 10
100 106 71

"THE SAMPLE WAS APPROXIMATELY 80% PYROLYZED"**THE VALUES IN PARENTHESES ARE THOSE PREDICTED BASED
ON WEIGHTED AMOUNTS DERIVED FROM THE EXPECTED YIELDS
OF THE INDIVIDUAL COMPONENTS.

TABLE 29. PRODUCT DISTRIBUTION FRK 80 HMX-20 WIO DATH PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT

PRODUCT YIELD [ YIELD FROM N YIELD FROM C

N9 1? 32 (38)*

NO 25 29 (30)

N20 13 20 (15)

NH3  0 0 '0)

HCN 12 15 (15) 33 (31)

CO 12 32 (40)

CO2  14 24 (18)

ZH20 0 (0)

H4 1 5 ('5)

H2

99 96 89

*rHEORETICAL VALULS 8ASIO- ON WEIGHiED AP4OUNTS DER`VED
FROM THE INDIVIDUAL COMPONENTS AND ASSUMING NO CHEDiCAL
INlERACTIONS.
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l-Azldo-3,6-Dinitro-,h3.6-Trizachcloheptan eAMDTH)

The second azido-containing nitramine invesfigaLed during this series of

studies was AMDTH. The products (and their amounts) from the pyrolysis of

AMDTH are sunmarized in Table 30.

Pyrolysis of HMX/AMDTH Mixture

The behavior of AMDTH when admixed with HMX, 80 HMX-20 w/o AMDTH, was quite

different than that exhibited by DATH in similar mixtures. The N2 yield

was appreciably greater and the NO yield significantly less than the values

calculated on the basis of the pyrolysis product yields from the pure com-

pounds (Table 31). These results strongly indicated that the attempte made

to incorporate azide groups into the structure of HMX (subsequently dis-

cussed) might lead to changes in its combustion characteristics.

Azobisnitroformamidine (ABNF)

Neat ABNF burns at a very fast rate and, therefore, pyrolysis studies were

conducted on it and a mixture with HMX. basod on the results shown in

Table 32, its principal product gas is N and the majority of the NO
2 2

oxygen is recovered as CO and CO2'

Pyrolysis of HMX-ABNF Mixture

No apparent significant interactions occurred between the product gases from

the pyrolysis of a 80-20 w/o HMX-ABNF mixture at 800 C (Table 33). Analysea

of the gases gave a product distribution quite similar Lo that predicted

based on the pure compounds.

Cyanoguanidine

Cyanoguanidine was found to give & high .ield ot NH3 when pyrolyzed az

-800 C (Table 34). however, the extent of pjrolysis was quite low (-20%O

under these conditions which indicates its high thermal stability in the

absence of oxygen. Since the thermal decomposi.ion was limited, no studies

were conducted on mixtures of HMX witn this material



TABLE 30. PRODUCT DISTRIBUTION FROM AHDTH PYROLYSIS*
(-600 C. 10 SECONDS, 2 ATM UKLIUII)

WEIGHT PERCENT MOLL PE RCENT MOLE PERCENT
PRODUCT YIELD PlkED FkOM1 N YIELD FROM C

N2  ?,62

NO 10 10

N 0. 4 6

NH).m

HCN 13 15 24

CO is2

CH~c 0

C114  6

i 4

H2

S93

1N•) 0) O

i .SAMPLE WAS 90 PYROLYZED

TABLE 31. PRODUCT DISTRIBUTION FROM 80 HMX-20 W/O ANDTH PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEiCHT PERCENT MOLE PERCENT MOLE PERCENT

PRODUJ, T YIELD YIELD FROM N YIELD .ROM C

N, 63 (33)*

NO 10 12 (22)

N,1) 7 11 (16)

NO0 (0)

HCN 9 (17) 1 ), (34,

C 1 55 (31)

CO., i 29 (19)

CH2C 0 3 (0)

C114  5)

14,

H12 0 3 .. . .-O 102

*VALUES IN PARENTHESES ARE THEORETICAt. AND WERE
CALCEILATED ON THE BASIS OF THE ):XPECTED PRCDJC.S
FROM THE PJR[ COMPOUNDS.
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TABLE 32. PRODUCT DISTRIBUTION FROM ABNF PYROLYSIS*
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT

PRODUCT YIELD YIELD FROM N YIELD FROM C

N2  45 82

NO 3 3

N20 7 8

NH3  0 0

HCN <1 .1 <3

CO 13 47

CO2  26 60

CH2 0 0 0

CH4  0

H2  <1

H20 6 _ __

100 94 107

*THE SAMPLE WAS 90% PYROLYZED



TABLE 33. PRODUCT DISTRIBUTION FROM 80 HPM-20 W/O ABNF PYROLYSIS
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WI kIlil PLRLI NI MULL ILRULNI MULL I'LRLLNI

PRODUCT YIELD YIELD FROM N YIELD FROM C

N2  15 36 (37)*

NO 23 26 (30)

N2 0 19 29 (16)

NH3  0 0 (0)

HCN 8 10 (14) 23 (29)

Co 9 25 (35)

CO2  17 30 (26)

CH2 0 0 0 (0)

CH4  1 -5 (<4)

H2 • 1

H20 --8 .. .
99 101 78

-VALUES IN PARENTHESES ARE ADDITIVE THEORETICAL

TABLE 34. PRODUCT DISTRIEUTION FROM CYANOGUANIDINE PYROLYSIS*
(-800 C, 10 SECONDS, 2 ATM HELIUM)

WEIGHT PERCENT MOLE PERCENT MOLE PERCENT
PRODUCF YIELD YIELD FROM N YIELD FROM C

N2 17 25

NO 0 0

N20 0 0

NH3  58 72

HCN ;2 17 34

tl?11H4  2

c0;)0

COi ?0 .

CH4  1

h,' 0

H20 I -

99 117 14

"SAMPLL WAS 207. PYROLYZtL,



Cupric Diammonium-Dazide Complex [Cu(NH 31(N3 )2

Table 35 summarizes the gas-phase product disLribution from the pyrolysis of

[Cu(NH3 ) 2(N3 ) 2 at -800 C for 10 seconds under 2 atmospheres helium. The N2

and NH3 yields (43 and 18 weight percent, respectively), were close to that

theoretically expected. Elemental analysis for copper (36 weight percent)

was also close to theoretical. The compound undergoes a violent dctonation

at 210 C. Thus, the highly exothermic generation of significant NH3 yields

without the presence of oxygen (to prevent self-oxidation of NH 3) made

[Cu(NH3 ) 2(N3 ) 2] a viable candidate as an additive for exothermic gas-phase

HMX-NO reduction to N2'

TABLE 35. PRODUCT DISTRIBUTION FROM PYROLYSIS OF
(Cu(NH3 ) 2 (N3 ) 2] AT -800 C, 10 SECONDS, 2 ATM HELIUM

WEIGHT

PRODUCT PERCENT MOLE PERCENT
YIFLD YIELD FROM N

N2 43 70

NO <1 <1

N O <I <I

NH3 18 24

HCN 0 0

CO <1

CO2 1

CH2 0 0

CH4 0

S2 0
H 2 0 !1

Cu 36i99 94

45



Table 36 gives the gas-phase product distribution from pyrolysis of a 95

HMX-5[Cu(N3 ) 2(N3 ) 2 weight percent mix at -800 C for 10 seconds

under 2 atmospheres helium, A comparison of mole percent yields of gaseous

products determined experimentally with those expected theoretically (values

in parentheses), based on weighted amounts of the individual components, show

an increase in N 20 and decrease in HCN. Thus, the expected I9MX-NO reduc-

tion to N, via NH intermediates from [Cu(NH ) (N did rt2 3 2 3 2 dd 't
occur. It is believea that the significant decomposition temperature differ-

ence between PHI (280 C) and (Cu(NH ) (N ) 1 (210 C) in addition to
3 2 3 2

the very rapid decomposition/deflapration of (Cu(NH3 2 N3 ) 21 prevents

adequate chemical and/or thermal interaction. To test this hypothesis, the

gas-phase product distribution from the pyrolysis of a 95RDX-5 w/o [Cu(NH3)2

(N3 ) 2 mixture was determined as shown in tahle 37, RDX, which undcegoes

thermal decomposition at 201 C, would be expected to undergo a greater chem-

ical and/or thermal interaction with [Cu(NH ) (3 ) 2 than that found

with HMX based on the similarity in decomposition temperatures. As the data

of Table 37 illustrate, this w2s indeed the case. Three-fourths (77 mole

percent) of the total available nitrogen was found as N2 with NO and N2 0

yields decreased sign-Ificantly (! and 5 mole percent, respectivelyj from that

expected. In addition, it can !e seen that the majovity of oxygen was util-

ized to produce CO anA CCV, resultiig in total carbon oxidation. Thus, a

major factor was identified in obtaining a significant chemical and/or

thermal interaction rtitih HMX or RDX with additives, that ef matching the

nitramine and additive docoilrosiclon temperatures, pa:ticularly when the

additive undergoes very rapid decomposition.

Triaminoguanidiunium-5-Aminotetrazole (TAG.5AT)

Table 38 gives the gas phase product distribution from the pyrolysis of

TAG-5AT at -800 C eor 10 seconds under 2 atmospheres heliLm. Of particu

lar interest is the high NH3 yield (38 weight percent) found in the pyroly-

s;.s of this ocygen-eree energetic compouad. This is considerably i.gner than

the NH3 yield from the previously rtudied TAGZT (16 weight percent). How-

ever. the relatively low 42 mole perczent total cakbon yield from pyrolysis of

TAG-5AT suggests a relatively high r.sitdue yield after pyrolysis and also



TABLE 36. PRODUCT DISTRIBUTION FROM 95 HMX-5 W/O [Cu(NH3) 2 (N3 ) 2]
PYROLYSIS AT -800 C, 10 SECONDS, 2 ATM HELIUM

WEIGHT
PRODUCI PERCENT MOLE PERCENI MOLE PERCENT

YIELD YIELD FROM N YIELD FROM C

N2  12 31(28)*

NO 28 34(35)

N 20 16 26(1'1)

NH3  0 0(1)

HCN 3 4(17) 9(34)

CO 11 31(30)

CO2 17 30(17)

CH20 0 0(0)

CH4 <1 <5(<5)

H2  1

H20 10

Cu 2

99 95 70

*THE VALUES IN PARENTHESES ARE THOSE PRE-
DICIED BASED ON WEIGHTED AMOUNTS OF INDI-
VIDUAL COMPONENTS

4?
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TABLE 31. PRODUCT DISTRIBUTION FROM 95 RDX-• W/0 (Lu(NH:j) 2 (N 3 )2)
PYROLYSIS AT -"800 C, 10 SMOWDS, 2 ATM HKLliN

WE I GHT
PRODUCI PERCENT MOLE PERCENI MOLE PERCENI

YIELD YIFLO FROM N YIELD FROM C

N2  30 *17(24)*

NO 6 7(40)

N 20 3 5(21)

NH3  0 0(1)

HCN 1 1(10) 3(21)

co 20 52(30)

CO2 50(21)

CH20 0 0:0)

CH4  <1 <5(<5)

H2H 20 9

Cu _2

100 90 105

*THE VALUES IN PARENTHESES ARE THOSE PRE.-
OICIED BANEO ON ,lEIGHTED AMOUNTS OF INdI-
VIDUAL COMPONENTS
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TAilLE 38. PRODUCT DISTRIPUTION FROM TAG,5AT PYROLYSIS AT
"-800 C. 10 SUCONDS, 2 A7M HELIUM

Wf.I GHT
PRODUC1 PERCENI MOLE PERCENT MOLE PEICfN'T

YIELD YIELD FROM N YIELD FROM C

N. 43 53

NO 0 0

N20 0 0

NH3  38 38

HCN 12 842

Co <1 <3

CO.2 0 0

CH2 0 0 0

CH4  <1 <6

H 1

H2 0 5

99 99 4?
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Indicates an cvgral.l "coclin6 " effect during decomposition. This cooling

effect may be the result of an excess of NH which is known tc behave as a

flame cutardant. in high concentrations. TAG*5AT war found to burn in anhi-

ý.nt air with the formtfi'n of a liqu'4d pcol below the flame zone.

Table 19 givss the gas phafe product distribution f rom the pyrolywis of a 80

i2X-20TAr.5Ar wethht percent mix at -•.00 C for 10 seconds under 2 atmos-

p her,,v helium. The data show a decrease ir, WO and an increave in the N2

yield from that theoretically expected. This Implies MM-N-O reduction to
N- occurred via TAG-SAT-NH3 , but not to the extent found with TAGZT.

Witi TAG*5AT, the amount of carbon oxidation was ds predicted (CO and CO 2

yields) with HlIKX. An increaso In the amount of tho theoe'etically derived

N 20 (indicating the less exothermic HMX C-N bond scission occurred to a

greater extent than the more exother.mnic N NO2 bond scission) also was

observed. Finally, the slightly reduced total carbon yield (76%) from pyrol-.

ysis ofL the 80 HMX--20 w/o TAG.5AT mixture versus that from pure HMX (86%)

also indicates a slight cooling effect caused by the greater amount of carbon

residue formed during the pyrolysis, Thus, another factor influencing Hig/

additive. interection is the concentration ratio of PH, from the additive to

NlO from HM,. In addition, the decoinposition temperature of 120 C for

At.•5AT is significantly lower than that of HMX (280 C) and generation of

high MlH 3 yields mnight b' expected to have a fVame-retarding effect.

Lithium Lpd Sodium Azi_ e

Recent burn rate studies at Morton-Th~okol have shown small concentrations of

sodium azide have an effect on W. burn rates. Thus, gas phase product dis-

tribution from the pyrolysis of 98 HPX--2 LIN and 98 HMX-2 NaN3 weight
33

percent mixes at -800 C for 10 seconds unde, 2 atmospheres helium were

determined. Table 40 gives the data from theae eAperiments. It can be seen

that deamatic changes from the theorvtlcal 15as phase product yielda are

ohtan*ud with both LiN3 and NaA3. LiN3 is reported to undergc measur-
able decomposition above 210 C in a highly irrep•oducIble manner (Pef 12).

5r



TABLE 39. PRODUCT DISTRIBUTION FROM 80 HMX-20 TAGo5AT W/O
PYROLYSIS AT -800 C, 10 SECONDS, 2 ATM HELIUM

WEIGHT
PRODUCT PERCENT MOLE PERCENT MOLE PERCENT

YIELD YIELD FROM N YIELD FROM C

N2 21 45(31)"

NO 14 '14(30)

N 20 18 25(14)

NH3 0 0(8)

HCN 11 12(16) 32(37)

CO 10 28(26)

CO2  9 16(14)

CH2 0 0 0(0)

CH4 <1 <5(<5)

H2 <1

2,H 2 0 1.55_

98 96 76

*THE VALUES IN PARENTHESES ARE THOSE PRE-
DICTED BASED ON WEIGHTED AMOUNTS OF INDI-
VIDUAL COMPONENTS
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NaN3 is reported to undergo rapid decomposition at temperatures above
370 C, with decomposition rates dependent on the specific surface arel of

NaN3 crystals (Ref. 13). Upon decomposition, LiN3 and NaN3 evolve N2

with the coproduction of the very reactive solid-state LiN and NaN radicals.

These could be expected to behave as very active proton scavengers abstract--

ing hydrogen from methylene groups (CH 2) about the HNX ring. This mechan-

ism would account for the very low HCN yields found (Table 40) in these

experiments. In addition, increased H2 yields are indicative of a hydrogen

abstraction process. Although both LiN3 and NaN3 appear to display a

"catalytic" effect in altering the HNX decomposition mechanism, significant

changes in HMX propellant burn rates were not encountered. It may be that

intimate contact is lost between HMX and the active LiN or NaN intermediates

in propellant mixes or that the overall change in decomposition mechanism is

not improved substantially in terms of heat release generated.

RDX

Table 41 gives the Zas phase product distribution from pyrolysis of RDX at

-220 C and -800 C for 10 seconds under 2 atmospheres helium. In the low-

temperature region just above liquefaction of RDX (201 C), the gas phase pro-

duct distribution indicates a faster rate of RDX liquefaction to gasifica-

tion. RDX undergoes 90% pyrolysis with comparable C-N and N-NO2 bond

scission occurring as given by the almost identical N 20 and NO yields,

respectively. HMX undergoes only 70% pyrolysis just above the liquefaction

region, giving higher N 20 than NO yields, indicating more C-N bond scission

than N-NO2 bond scission. This complements the recent work of Brill who

has shown that crystal lattice interactions are greater in HMX than RDI,

implying a faster rate of RDX gasification (Ref. 141.
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TABLE 40. PRODUCT DISTRIBUTION FROM HMX-ALKALI AZIDE PYROLYSIS
AT -800 C, 10 SECONDS, 2 ATM HELIUM

h ...--.-...... . ...-...... .... . .. .. ... .. . .

WI It,1I WI I HI1.11. I-I

l I t IN 1 M1yIi I I IWIN N VI M .l ) II RO.M y ) U I i I11ii) 1 huM N Y I _ 1 h1IUm I

- . . -t 10 I. I I
*t I1' 1 Ii 11112 /I

Nil 1, 1( If) NO I F 0,)

N I 2l 1(11) N? 4 I( 1I )

Nil 0 liii) Nil 0 U0( )
)4It(.. I I( H J' ' ) 4•( )it) it J" )

LO "0i 54( 1) C/ 011 1

C 0 I 461( ti0 1.( I H

CHii i U (1( ) ( 0 oii (Ci I)I

II., I ii.,

, iiU[I.i~ I IU ASIi UN WI l•llttilli AMijiINi'
0H IN? IvIIiUUI HHUMi?0N1Ni -

TABLE 41. GASEOUS PRODUCT DISTRIBUTION FROM PYROLYSIS OF RDX
(10 SECONDS, 2 ATM HELIUM)

/ Y fl I Y ell) CRO WI (I•I LN H tl

N y I 1 (1 NH i) )m YI R M1 0 O YI1 1 M I
N 4 N N Il I

( (No P' NO) ({I I4,,

VIWI I H1

Ni 14 24 14 • 21{

NlNil i

N i it( Ni H i

ii, I '" iii

",AMI ,' W Y Willt / 1) L
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SECTION 4

HMX STRUCTURAL MODIFICATION STUDIES

SYNTHESIS OF HMX DERIVATIVES

l-Azidomethyl-_.ý5,7_-Trlnitro-1_3.5.7-Tetraza.clooctane •_TTC)

When DPT, a compound readily prepared by nitrolysia of hexamethylenetetramine

(Ref. 15), is treated with an equivalent of 987 nitric acid in excess acetic

anhydride, 1-acetoxymethyl-3,5,7-trinitro-.1,3,5,7-tetrazacyclooctane (AMTTC)

is formed (Ref. 16) in 70 to 80% yield (Fig. 2).

Bell and Dunstan (Ref. 17) have investigated reactions of the six-, seven-,

and eight-membered ring acetate nitramines with varijus nucleophiles, such as

alcohols and inorganic salts. One aspect of their work was reaction of these

ring acetates with sodium azide in efforts to prepare the corresponding ring

azide. The reaction of AMTTC and the six-membered ring acetate with sodium

azide in dimethylformamide gave primarily decomposition products. Only in the

case of the seven-membered ring acetate was it possible to obtain the corre-

sponding azido comupound.

Numerous attempts wete made in this program at nucleophilic substitution of

the acetate group by inorganic azide salts in various solvents and reaction

conditions which showed that the eight-membered ring decomposes or that no

substitution occurs.

Dunning and Dunning (Ref. 18) have reported that treatment of 1-methoxymethyl-

3,5-dinitro-l,3,5-triazacyclohexane with acetyl chloride and acetyl bromide

gave the corresponding chloro and bromo derivatives. This chemistry was

applied to the eight-membered ring acetate, AMTTC.

Treatment of AMTTC with acetyl bromide gave L near quantitative yieAd of

1-bromomethyl.-3,5,7-trinitro-1,3,5,7-tetr&zacylooctane, BrMTTC (Fig. 2).

Attempts to convert the bromo derivative to the corresponding azide with

sodiLm azide in various solventa ware unsaccessf,1.
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A novel method then was developed for the conversion of the eight-membered

bromo derivative to the corresponding azido compound using acetyl azide as the

aziding agent in methylene chloride. The acetyl azide is generated In s~tu

in methylene chloride solution at 5 C and is reacted with BrHTTC in a hetero-

geneous reaction at 10 to 15 C. The low temperature is required since acetyl

azide starts to decompose at about 40 C to form methyl isocyanate via the Cur-

tius reaction. The conversion of the bromo derivative to 1-azidomethyl-3,5,7-

trinitro-i,3,5,7-tetrazacyclooctane was achieved in 80% yield (Fig. 2).

HPLC analysis gave a single peak and elemental analyses calculated for

C 5 111 0 N 1006 are: C, 19.61; H, 3.27; U, 45.75; Found: C, 19.99; H, 3.28;

N, 44.99. The compound melts at 130 to 131 C (Ref. 19).

1-Trinitroethy-3L,557-Trinitro-l,3,5,7-Tetrazacylooctane (TWTTC)

Nitroform alkylations of aliphatic primary bromo derivatives with silver

nitroform have been studied by numerous investigators (Ref. 20). Acetonitrile

is a typical solvent used in these studies. Attempts to convert BrMTTC to

TNTTC via AgC(NO2)3 in acetonitrile at ambient temperature were unsuccess-

ful (Fig. 3).

l-(Azidoethoxy) Methyl-3.5.7-Trinitro-l.3.5.7-Tetrazacyclooctane (AENTTCj

Attempts to convert BrMTTC to AEMTTC via the Williamson synthesis with azido-

ethanol were unsuccessful (Fig. 3). BrMTTC underwent decomposition under var-

ious conditions when azidoethanol was used as the reaction solvent.

l.5-Dinitro-3,7-Dibromoacetyl-l.3.5.7-Tetrazaryclooctane (DNBTTC)

1,5-dinitro-3,7-diacetyl-l,3,5,7-tetrazacylooctane (DADN) was believed to be

an attractive structurally symmetrical precursor for attempts to monobrominate

both methyl (-'H 3) groups to arrive at the precursor DNBTTC (Fig 4), which

then could undergo azide substitution via the novel process developed under
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NO)2  NO2

CH 2 -- N - CH 2  CH 2 _N- CH 2

1 1 CH3CN 1 1
O 2 N - N N -NO 2  AVC(NO 2 3 A 0 2 N- N N -NO 2_I I I

CH 2 -N - CH 2  CH 2 -N - CH 2

CH 2 Br CH 2 C(NO 2 )

(BrMTTC) (TNTTC)

N1O2  N1O2

CH 2 - N-CH 2 CH 2 -N - CHIA2

0 2 N - N -N NO 2 N3CH2CH2OH - C2 N -N -NO 2

CH 2 --_N -CH 2  CH2--N -CH 2

CH 2 Br CH 2 OCH 2 CH 2 N3

(BrMTTC) (AEMTTC)

Figure 3. Synthesis Attempts of Novel HHX Derivatives
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1 02
CH N- CH CH -N-CH2

2 1 2 2 2

NO2 NO?

DADN DNBTTC

NO. NO2

C M2 N- CM CH -N-CH2

CH8 C-N N-CCH3 C H N(CH 3 )3 Br-BrF TMF . ..._ _ . BrCH2C.-N N-CCH 2 Br
H i 0I I o

CH -N CH CH2 -N--CH2
1 1

NO2  
NO2

DAGN PTAB {NBTTC

NO., NO

£8 -- CM.CH 2 -N-CM2

II 1 2

CHC-N N- CC13 CHM C=OHBr3 THF BrCHMC-N N-CCH 2 Br

"11 3 .N.-' 2 1
"0 H 0

£8.H N- £8, £CH -N-CH 21H•N H 1 2

NO? NO2

DADN PHTB DNBIIC

Figure 4. Attempts to Monobrominate Methyl Groups of DADN
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this program using acetyl azide in the synthesis of AZMTTC (Fig. 2). However,

all attempts made to monobrominate the methyl groups of DADN (Fig. 4) were

unsuccessful. The initial attempts utilized a brominating medium consisting

of sodium bromate (NaBrO 3), aqueous hydrobromic acid (47% HBr), and acetic

acid as the reaction solvent (Ref. 21). The reaction parameters investigated

were reaction temperature, time, and reactant molar ratios. The only results

obtained were recovery of starting material or decomposition-type reactions.

Another approach investigated, based on the literature, involved the use of

phenyltrimethylammonium perbromide (PTAB) in tetrahydrofuran (THF) solvent.

This reaction system had been successfully used previously for monobrominating

a methyl group next to a naphthalene carbonyl (-C=O) group (Ref. 22). The

reaction parameters investigated in the attempted monobromination of DADN with

PTAB were reaction temperature, time, and reactant molar ratios (Fig. 4). In

all cases, no reaction occurred.

A final attempt at monobrominating the methyl groups of DADN involved the use

of pyrolidone hydrotribromide (PHTB), which was based or a literature prepara--

tive method involving a selective brominating agent for ketones (Ref. 23). No

reaction between DADN and PHTB occurred under any of the reaction conditions

investigated.

l-Aminoethyl-3.5,7-Trinitro-I 3 5,7-Tecrazacyclooctane (AMMTTC)

The successful synthesis of AMMTTC would give an attractive precursor for a

number of condensation reactions with activated alcohols followed by nitration

to give symmetrical and unsymmetrical HMX derivatives. The Initial attempts

made to synthesize AMMTTC from the novel precursor l-bromomethyl-3,5,7--

trinitro-l,3,5,7-tetrazacyclooctane (BrMTTC) resulted in the isolation of a

compound with elemental analyses far from that theoretically expected

(Fig. 5). The reaction of BrMTTC in amr.onia-etnanol solutions was further

investigated with emphasis on varying reaction temperature and time. In all

cases, the eight-membered BrMfTC ring underwent cleavage giving a solid

unwanted side product.
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Figure 5. Attempts to Synthesize 1-Aminomethyl-.3,5,1-.Trinitro-
1,3,5,7-Tetrazacyclooctane (AIMTTC)
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A second approach investigated the reaction of UrMTTC in liqid ammonia at. .- 30

and -40 C at various reaction times (Fig. 5). In ell cases, decomposition

products were obtained.

A final approach investigated the reduction of the azido group to amine via

sodium borohydride (NaBH 4 ) in the presence of a phase transfer catalyst,

hexydecyltributyiphosphonium bromide (HTBPB), and toluene solvent (Ref. 24).

The reaction at ambient temperature resulted in recovery of the starting mate-

rial without any indication of azide reduction to anmine (Fig. 5).

l-Iodomethvl-3,5.,- Trinitro-1 .3,5.,7-Tetrazacycloocrcne (IMMTC)

Synthesis of the novel precursor IMTTC was attempted via the approach used in

the synthesis of BrHTTC by reacting l-acetoxymethyl-3,5,7-trinitro-l,3,5,7-

tetrazacyclooctane (AMTTC) with an excess of acetyl iodide (Fig. 6). It was

believed that the iodo group would undergo a nucleophillic substitution reac-

tion more readily than BrMTTC under the mild conditions needed to maintain

ring integrity (Fig. 3). The reacLion of AMTTC with an excess of acetyl iodide

for 1 hour at 0 to 5 C gave a light yellow solid with the elemental analyses

shown in Fig. 6. These analyses implied approximately 90% iodo substitution,

thus indicating a longer reaction time was needed to obtain a quantitative

conversion.

PYROLYSIS OF HMX-RELATED COMPOUNDS

Pyrolysis decomposition studies of AZMTTC, as described below, indicated that

structural symmetry of HKA derivatives must be maintained to achieve hign

melting or liquefaction temperatures and a mode of decomposition that would

result in comparable rates of C-N and N--NO 2 bond cleavage giving increased

energy release and generation of reactive gas-phase species. Thus, the studies

described above were conducted to provide compounds for further proof of this

hypothesis. However, because of the difficulties encountered during the

attempted preparations of these candidate compounds, DADN was the only com-

pound investigated other than AZiTTC.
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CH2 -N-CH 2  CH2 -N-CH 2
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0

AMTTC IMTTC

EAPECTED ELEMENTAL
ELEMENVAL ANALYSIS
ANALYSIS FOUND

C 15.34 16,04

H 2.5F 2.89

N 25.06 23.23

1 32.48 28.58

Figure 6. Attempted Synthesi3 of l--Iodomethyl-3,5,7-Trinitra-
1,3,5,7-Tetrazacyclooctane (IHTTC)
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Pvrol.sis of DADN

DADN has a melting point of 265 C and is rzyvthesized in a one-pot operat,'on

(Ref. 25). The high molting point is one examplc of the effect o' ts-uctur&l

symmnetry upon HMX derivatives, In addition, high heating rate ducom:osit.un

studies of DADN demonstrated that thi- compound decormiposed imll.:rly to inX

with respect to covalent C-N and NA-O2 pond cledvage. '2ahle 42 F4Awarizea

the gas-phase product distributions of H.X, AZMTTC, and DAMN after pyroljsis

at 800 C under experimerntal conditions givea in the Experimcental DO'%ils

sect ion.

The gas phase product dihtribution of DADN (Table 42) imolies both C-N (N2O

yield) and N-NO2 'NO yield) bond cleavage are occurrin?, although a measur-

,ble cooling effect 'Ls present (higner N2 0 yield) probably due to the non-

energetic acetyl groups in place of rtitro groups. In addition, the cooling

effect was indicated from DADN undergoing oply 70% pyrilysis.

Pyro lýsis of AZMTTC

Pyrolysis decomposition data for AZMTTC showed that covalent C--N bond cleavage

was the predominant bond-breaking process occurring during AZMTTC iecomposi-

tion with very little N-NO,. cleavage occurring. This resulted in higi N 0
2

and CH20 yields and was found not to be conducive to inc_-eased burn rates.

During the decomposition of HMX at 800 C it was shown that both N-NO2 (high

NO yields) and C-N (N2 0 yields) bond cleavage occurred in i competitive man-

ner, which resulted in the product distribution shown in Table 42. In the

low- temperature (-300 C) decomposition' of HMX (Table 3), C-N bond cleavage

was the predominant process resulting in high N 0 and CH 0 yields. It.
2 2

could be concluded then that eight-membered ring tetrarnitramine compounds that

gava high N 20 and/or CH2 0 yields after pyrolysis at 800 C would he under-

going predominant C-N bond cleavage with little competing N-.NO2 cleavage as

found with AZMTTC, It is believed that the lack of structural symmetry is the

source of this decomposition mechanism.
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TABLE 42. GAS PHASK PRODUCT DISTRIBUTION FROW PYROL'SIS AT -'8OA C,
10 SECONDS, 2 AM" HRLIUU

HIMX AlEIl I C DAON'

Ol Not IOE MOLE. Mol M 1OLE NoLt
WE IGHI pF4.CI NI 'LRLLNI WLI PE'RCENT PLRCENT WE I GHT PERCENT PERC[NT

PROW I y 9101 1 fROM N INOIIE C PRODUCT YIELD FROM N FRO" C PRL)UUC1 YIELD FROM N FROMCP| RCI41I 911I0 YI 91.0 PERCLNT Y10.t• YiriO PERCENi O|ELO Y11111

K? 2o 2 N2  10 22 N2  11 11

No 30 3 .10 2 2 NO 19 3I

90 II 13 N?(C 53 74 N20 33 72

NII? 0 NtII 0 0 8H3 0 0

(N I .1i h|1 HCN 0 0 I) IICN 4 I

tO I' 2 Oft~CCO) I ? 3i CO 0 co 1 9

(I; II I CO? S I COc 24 20

COlIP{) 0 0 CHm, is 3J C"2 0 0 0

C114 <1 5 C114 '1 <4 CH4  <I <2

CH2 .CH2  1 3

H1 <I 82 1 H2 1

H?1 2 12 H20 .. I 2i <1

99 9I 8 100 9t0 60 b9 123 31

*SAMPLE ONLY 70% PYROLYZ[O

N.NC NO
No? NRe I 2 N I

CH N CH2 CH2-N- 2  0 CHHH-CH 2

ON N 1- RD U N - N NMO CH3C-N N-CCH3
S III~NN I II)

"CCHH-N C11_

r2 2 N3  NO?

1OIUFAClION 280 C 130 C 265 C
I' -PIRATURI E|
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SECTION 5

COMBUSTION RATE STUDIES

HMX-BASED SYSTEMS

The effects of selected combustion modifiers were studied in two types of

polymer :iystems: (1) hydroxy--termlnated polyester (R--18) plasticized with

TMETN, NG, TA, and TVOPA, and (2) hydroxy-terminated glycidyl azide polymer

(GAP) containing no plasticizer. The burning rate data are summarized in

Table 43 aind the symbol (f) will be used to denote the burning rate at any

pressure with the modifiers present to the baseline burning rate.

Triaminoguanidine (TAG) Modifiers

Four compounds containing TAG were examined for burning rate modification:

TAGZT, TA(N, TAG*5AT, and TAGNAT. The most extensive series of experiments

were carried out with the TAGZT and the following matrix of ingredient combin-

ations were studied:

O b 50/50: Class A/Class E
Oxidi.zer blends

* All Class A

Plasticizer/Polymer = 2:1 and 1:1

Modifier Particle Sizes: 7V and 50p

Modifier Levels: 15 to 52.5 weight percent

The utilization of the 50/50 oxidizer blend was maintained as the initial

baseline. The augmentation levels for the 30% TAGZT ( 7 p) system is given in

Fig. 7 and the effect of both TAGZT level and particle size in a R-18/TMETN

(1:1) system is illustrated in Fig. 8. The relative augmentation factors at

constant TAGZT level are similar for TA (1:1), TMETN (1:1), and NG (2:1).

However, the TMETN (2:1) system gave a slightly reduced augmentation level.
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TABLE 43. BURN RATE 2JATA SUMNAR¶

B8URN RAIL, CTs29C, Al IHLORE IICAL fLAMI
WtII GT PlHCLNI PA ;%E1SU)[, 1. 4 l[l IRAIURI

NlTRAMINI .. . ... ....... A b 689 "Pa,
III LI AY'. A CIA%% A IT /F181 t PI ASIICILAM/ (I1t 1. 12 3.45 6,09 1014 K

H1x 31 31. 125 12.5 T1LIN 0.151 0.?39 0 46? 0 599 2496

30.0 30.0 12s 12.S THEIN I5.0 0AW I ( T) 211 0.452 0.618 0,851 2126

2•. 2? .N I?., 12., 1 1N18 30.0 IA011 (TV) 0.495 0.169 1,194 1.519 M111

22 5 22,5 1?.5 12,5, 1(IN 30.0 WAIT (50sop) O.q 0.591 0,940 1,160 IMII

II.? 11 3 12.5 12,5 WI(TN 52?5 IAG1I (50.) 0',559 1 0lb5 1.061 1 316 1T80

3715 31.S 0.1 16.3 W I(1N 0.196 0.291 0.584 0.175 0143

;'I,5 22.5 , ,1 16.3 W8(IN 30.0 TAG/I (1m) 0.495 0.800 I I11 1.405 2020

31,5 31.5 12.5 12.5 IA 0.091 0,145 0.290 0 340 )SOS

22,5 22.5 12 5 12,5 TA 30.0 lAGOI (1) 0.292 0 490 0,660 01.026 1434

31,5 31,5 8.3 16.1 NG 0.196 0.340 0,591 0.864 2951

??.S 2?,S 0.3 1I .1 N8 30.0 TAG1 I (1,) 0.613 1092 1.468 1,562 ?236

31 5 31.5 8.3 16.1 IVOPA 0 193 0.315 0.512 0.851 2154

22.5 ?2.5 8.3 16.1 
1  0 

,PA 30.0 IAG1 I (It) 0.955 1.183 2,149 ,433 2081

15.0 1?.,5 12.5 TMIN ' O.18 0 394 0.594 2496

45 II . 1?., 12.5 T1I8 N 30.0 1AG1T (1.) 0.320 0.579 1.148 1,422 M111

27.5 2V.s 1?.5 12.5 W IN 30.0 TAG.SAI (IV) 0.198 0.313 0.521 0 601 1601

60 0 12 5 12.5 TMETN 15.0 IAGN (4m) 0.?16 0 360 0.665 0.965 2160

22.5 22., 12.5 12.5 IN1N 30.0 IAGN (90,) 0.175 0.315 0.572 0,838 2095

12.5 I 5 W IN 15,0 TAGN (50 ) 0.279 0,419 0.111 0,884 1570

211I 28 1 12.,5 12,5 TM1TN 18.8 OATH (130) 0.183 0.292 0 521 0.149 2465

?,?5 22.5 12,5 12.5 TM1TN 30,0 OATH (13p) 0.236 0.404 0,721 0.918 2448

12.5 12.5 TW(IN 15.0 OATH (130) 0.386 0.813 1.453 2.001 2382

25.0 25.0 12.5 12.,5 W INT 25.0 AZMTTC (20p) 0,140 0.315 0.495 0,742 2309

22.5 ?2.5 12.5 12.5 T1E1N 30.0 AP (30m) 0.495 0 600 0.190 0.961 2912

10.0 2',5 12.5 T 1ETN ',0 AP (Iu) 0,151 0,411 0.754 1.143 2546

22.5 22.5 125 12,5 TMETN 30,0 04AIT (15,) 0 ,584 1.374 1156

22,5 `2.5 12.5 125 W I1TN 30.0 ANAl (250) 0.244 0.444 0.686 0,919 ?044

22.5 ? 22.9 12.5 12.5 18(1N 30 0 IAGNAI (20.) 0.254 0.316 0653 0 884 1968

?2.5 22.5 I?', 12., 18ET1 30.0 HN (40p) 0.208 0,452 0 104 0,940 2421

V.', 21.? 1?.' 1I:5 TWIN 200 a IAAI (3,o ) 0.41 0.249 0.411 0.512 1619

10.0 30.0 12.5 12.5 T1(TN 15.0 AB4 F (15 ) O.ll 0.343 0.512 0 112 2449

30.0 30 0 1?.5 12.5 1MLIN 15.0 A4OTH (33p) 0 140 0.259 0.444 0,591 7339

36.11 36 0 1? 12.5 1 INTN 3.0 LIN3 (120) 0.1 III 0.340 0 564 0.154 2413

31 .5 ; 5 H.1 2,f I1181TN 4.0 CNP (l0U010) 0 Ib 0 `W9? 0.514 0 199 2559

lItt 1 S 31' 3 1 I? 9 125 .'1. Im IN 0 119 0 221 0.4.1,' 0 630 ?502

"1011 10 0 I,'' 1?5 1H1IN 1IO 11Ab/I (1.) U .b 9 0 461 09bb/ 111' MIT34

??7 s;' ' I? 1 1 '1 IN IN 30 0 TAG/I (I,) 0,510 0 HOT I ,' 1 14 ; 41 1181

/', I , I1I 16 81N(, I1 I1,' 0 ' 0 "H ,'' O1 90 ' 2964

?? 5 H' 53 1I.1 8NG 110.0 8AG/I (IV) (11,93 I I il I 55 I 9b.1 2243

60.0 I75 1.'5 , IN8 15 0 IAGN (4m) 0 13 0 .140 05 11B 0 132 229',

2.,5 12.? 12 5 IM IN 30 0 IAG.SAI (10) I) ',4 0 419 0I fil., 0 ,RI 1605

V5. 11 5 0 I111 1?.5 MN IN 5,0 C[U W', (o .I I IT Tog 0 `,st, 0 Bob 243b

2? 5 2? 1 1 5 1:2 5 IM1 30 0 OATH (13p) 0 '06 0 .1I 0 948 0.889 24S?

1510 1285 ? . I118 0 111 0 41b 0 3.9' 0 599 ?S02

6BURN
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3.5 POLYESTER
f TA (1:1); TAGZT (7,)

* TMETN (1:1); TAGZT (7,u)
A NG (2:1); TAGZT (7g)
V TMETN (2:1); TAGZT (7A)
( TMETN (1:1); TAG.5AT (71A)

.APR
3.0 -L] NO PLASTICIZER; TAGZT (7 A)

0

z
02.5
F-
I-.
z
W

2. 0

1.5

1.0
1.72 3.45 6.89 10.34

PRESSURE, MPa

Figure 7. Burn Rate Augmentation with 30% TAG-Type
Additives [HMX(A)/(E)=1:1i
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Figure 8. Relative Atr&,A:,ntation of RIDI/HNX
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Fine TAOZT 17p) is more effective than coarse TAGZT (1O5), which ruggests

that diffusional effects and the rate of NH3 production are of primary

importance. increasing the concentration of TAGZT increased the augmentation

level, which is in accordance with the concept of accelerated rate via the

reaction of amidogen (NH2 ) radicals reacting with the NO produced from the

HMX decomposition.

The correlation of burning rate at 6.89 MIa for the pure HHX and 30% TAGZT

systems is shown in Fig. 9. The burning rate can be expressed in the form-

r = Aexp (-E/RTf)

+2.0-

0 R-18/ON0 2

A R-18/NF2

0 GAP

+1.0 130% TAGZTJ A TV (2:1)

NG (2:1) "" . TM (1:1)

0 TM (2: 1)
q 0

TA (1: 1)
INO TAGZTi

-2.0 1 I

3.0 4.0 5.0 6.0 7.0

1/T X 10 4 (0K'I)

Figure 9. B1rn Rate CoLrelation for Pure HIX
and TAGZT Substituted Systems
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"The two curves in Fig. 9 hove very similar ulopes and all the plasticizer in

the inert R-18 binder fall on the curves with the exception of the difluoroa-

mino (-NF 2 ) plasticizer TVOPA. PropellantR containing TVOPA were prepared

to "check" the postulated augmentation mechanism:

NO + NH 2.* N N + H20 + QN

This equation is a global summary of the key sceps in a very complex rsaction.

The incorporation of TVOPA will result in the formation of NF 2 radicals,

which then can interact with the amido~en radical via the equation:

NF 2 + NH * N + 2HF + Q_
2 2 2

Again, this is a global sunmary of several reactions. Howeve.r, it is expected
that the NF 2-radical will react more rapidly with NO than the NH 2-radical.

No data could be found on this reaction, but the kinetics of NF 2 reac-

tions with other materials, such as H2 and CXHy compounds, is known to

be considerably faster than the comparable NO reaction.

The NG- and TVOPA-based propellants with no TAGZT present have virtually the

same burning rate. However, the 30% TAGZT system containing TVOPA burns con-

siderably fastee than the NG analog.

Although the heat release from the NO system (QI) is 60 kcel lower than the

heat release (Q 2) from the NF2 system, the actual concentrations of reac-

tive species is virtually the same. Only 1.2% additional heat can be generated

based upon the stoichiometric equations. In fact, the overall theoretical

flame temperature of the TVOPA system is 91% of the NG system (due to other

overall product distributions).

The stoichiometry is based upon the percent of NO generated from the HMX

decomposition experiments and the percent of NH3 generated from the TAGZT

decomposition experiments. This is coupled to an assumed NO production level

from AG decomposition and NF2 production level from TVOPA decomposition.
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Both plasticizers contribute very little in terms of reactive species (concen-

tration wise). The main point to be made is that the (NF - + NH-)
2 2

Sreaction is kinetically faster and initiates a further series of reactions

which lead to the higher burning rates. In .ýffect, TVOPA could be considered

as a "pseudocatalyst."

Utilization of TAG-5AT resulted in considerably lower augmentation ratios

than the T&GZT systems. This phenomena is believed to be related to the decom--

position mode previously discussed in the Decomposition Experiments bection.

Both TAGN and TAGNAT yielded augmentation rates lower than TAGZT and both

materials contain oxygen. The presence of oxygen reduces the amount of NH3

formed for diffusional interaction. However, other investigations and past

experience with TAGN suggest that a "mismatching" of TAGN and HMX particle

sizes may be a very critical factor. A 70% augmentation was obtained at the

15% TAGN (4p) level when only Class A-HMX was employed. Additional experi-

ments would be required to axplain this apparently very complex mechanism.

Ammonium and Hydrazine Modifiers

The ammonium salt analogs of TAGZT(DAZT) and TAGNAT(ANAT) were investigated at

the 30% addition level. The DAZT system yielded a 26% increase in the burning

rate, while the ANAT exhibited a 48!% improvement.

The DAZT system is very puzzling in its behavior. Combustion could not be

sustained below 5.2 MPa and an exponent greater than 2 was observed above this

pressure. Reasonable levels of NH3 were observed in the decomposition exper

imentj, but c large quantity of N2H4 (26%) also was observed. The N2 H4

persisted in the decompositicn experiments when the mixed HKX-DAZT system was

studied. This suggests that N2H4 is not as desirable as NH3 for rate

acceleration. One propellant c:vntairing 30% hydrazine nitrate (HN) showed a

52% increase in rate, wh.;ch slightly confuses the issue. However, the HN was

not nearly as effective as TAGZT.
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The increase in burning rate observed for the ANAT system may be more a result

of the fast burning rate of pure ANAT (Ref. 26). The decomposition experi-

ments indicated that no NH3 was produced and a trace amount of N2 H4 was

formed.

Finally, two propellants containing AP were examined. Substitution of 30% AP

(30p) augmented the rate by 71% at 6.89 MPa, and substitution of 5% AP

(Up) augmented the rate by 63% at 6.89 MPa. AP produced both NH3 and

HClO4 upon decomposition and the high level of augmentation for such a small

quantity of material again suggests an extremely complex mechanism.

Azido Modifiers

Five compounds containing azido groups were investigated as potential modi-

fiers: (1) AMDTH, a cyclic azido nitramine with adjacent methyl groups in the

ring, (2) AZMTTC, the azido-substituted HNK, (3) DATH, a linear diazido nitra-

mine, (4) TMAAZ, a azido tetramethyl ammonium salt, and (5) lithium azide.

In general, the azido compounds were not effective in augmenting the burn

rate. However, the linear azido nitramine DATH is known to be a fast-burning

ingredient by itself. The previous discussion has indicated some insight into

the reasons for this behavior. The propellant in which DATH completely

replaced HMX exhibited a 214% increase in rate. However, substitution of only

30% DATH resulted in only a 56% improvement in rate, which indicates little,

"if any, decomposition product interaction. This correlates with the decomposi-

tion studies discussed in the Pyrolysis of HMX-DATH Mixture section.

The propellant containing 18.8% "coprecipitated" DATH yielded a 13% increase

in burn rate. The DATH and HMX were in more intimate contact in this experi-

ment but this appears to have had little effect on the rate. Therefore, it is

concluded that the DATH increases the rate primarily by an "additive" method

rather than an interaction mechanism.
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Azido rGAP) System

Pure glycidyl azide polymer (GAP) has a unique high-burning -ate. Therefore, a

series of experiments were carried out to compare the effects of TAGZT on HMX

in GAP systems. The data are summarized in Table 44 and illustrated in Fig. 10.

On Contract F046!1--82--C-0043 with AFRPL, the type of isocyanate has been found
to profoundly change the burning rate of GAP gumstocks, which lead to carrying

out each experiment with both HMDI and N-IDO curing agents. Incorporation of
35 and 75% (53:50 Class k/E-HMX) reduced the burning rate of the GAP systems.

Figure 10 illustrates the data only for the HMDI system but, suprisingly, vir
tually no difference in burning rate is observed with HMX content. The incor

poration of 30% TAGZT (7p) augmented the rate at 6.89 MPa by 50%, which is

considerably lower than any of the R--18--based system. The absolute burning
rate is comparable to the R-18 systems despite the implicit higher rate of GAP

itself. Figures 9 and 10 show the comparative effects of R- 18 and CAP-type

systems, respectively.

TABLE 44. BURNING RATE OF GAP BASED SYSTEMS

-•f '.I ,[RLINI .HMX(A) IIMX([) 6AP/NtO IYIYf 0 IHER -iT' - V, T t , " .71
3 1 3 1 25.0/HM[H )6'4 6 4 ',C

1I/., 65.O/N 100 (1 I/' 11U 1 H 1I 1.4

11. Wi, O/HMDI II I? II 14 ,' 4 ', •

I 2 . ' 2 7.S 2', O/HM0I 30.0 IAU/I (l10 14 { /li Ii # 4/ '.,, .,

5 22;> ',;' O/N I Il IAc/I ; /r , 0 404 U 1 "

100.0/HMII,

00 .0/N l0lli U -,'''.

1A I A ()it i A' II
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X ~0 75 HMAX/25 GAP
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0?2 100 GAP

45 HMX/30 TAGZT/25 GAP

0.1 - I I I
1.72 3.45 6.89 10.34

PRESSURE, MPs

Figure 10. Burning Rate of GAP Systems (HHDI Curative)

Other Modifiers

Incorporation of 3% LiN3 increased the burning rate at 6.89 NPa by 22%. A

larger increase might have been predicted based on the decomposition experi-

ments, but flame-zone interactions may physically separate the reactive inter-

mediates and larger quantitics of -;N3 would result in several other prob-

lems in terms of a practical propellent.
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The utilization of CMP at the 4% level yielded a small increase in burning

rate but nothing comparable to the results obtained in AP based uystems. Firer

and Cole (Ref. 2?) found that B-H compounds appear to be effective in acceler-

atii.g nitramine burning rates, but the current rerults are not as encouraging.

Reports in Soviet literature (Ref. 28) indicate that the azo (.N=N )-type

nitramines are extremely rapid burning compounds. One propellant containing

15% kBNF yielded an increase of 24% in the rate that was equivalent to the 30%

TAGN--substituted system.

RDX--BASED SYSTEMS

A selected number of propellants containing RDX were investigated to obtain

comparative data, which is summarized in Table 43.

Triaminoguanidine (TAG) Modifiers

Comparative data was obtained for the three salts TAGZT, TAG.5AT, and TAGN.

Figure 11 illustrates that TAGZT is more effective with RDX at. low pressure,

but similar augmentation rates are obtained with HlIX at high pressure (>6.89

MPa). Figure 12 is a comparison of the ratios (k) of the augmentation rates

of RDX and HMX. In general, most modifiers are more effective with RDX at low

pressures. Both TAGZT and TAG-5AT decompose at a temperature more closely

matched to RDX than HMX (Structural Modification section). which suggests s

closer matching of chemical reaction induction times. Additionally, TAGN

should interact more effectively with RDX than HMX for the same reason even

though no experimental data were obtained during the current work

Other M-difiers

The Azido-Werner complex [Cu(Ni3 ) (N3 ) 2 was investigated at the 1.

level and a 29% augmentation was obtained. The compound is extremely diffi

cult to handle (Decomposition Experiments section) and only the one experiment

was carried out due to its sensitivity.
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Figure 11. Comparison of IDX and NMI with 30%
TAG-Type Additives (7p)
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One experiment was carried out with tle diazido linear nitramine (DATH) and

augmentation -ates similar to HXX were obsevved.

FLANM ZONE PHENOMENA

The experimental evidence indicates that the incorporation of ammonium genera-

tors (especially TAGZT) is the primary factor in achieving good augmentation

rates. A physical interpretation of this phenomenon Is based on the key reac-

tion (NH2 + NO -+ N2 + H 20), although the actual process is extremely

more complicated.

The recent work of Kubota (Ref. 29) has shown that the combustion of HMi-based

propellants yields three gas-phase zones and that the reaction of NO may be

the limiting step. This experimental evidence lends credence to the concept

of accelerated rates via the interaction of amidogen (NH2 ) radials with NO.

The generation of NH2 from NH3 is an extremely complex proce3s that is

highly dependent on the concentration of several other species (Ref. 8, 11,

and 29 through 32). It is apparent that the NH2 + NO reaction is favored in

a specific temperature region and is highly concentration dependent. Figure 13

is a schematic representation of the "favored" temperature region.

1.0

0
Z

01

1.0 1.1 1.2 1.3 1.4 1.5 1.6

TrX 100-, K

Figure 13. NO Reaction Parameters
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The "mismatching" of HMX/RDX and NH3*-generator particle sizes appears to be

the most important factor in accelerating the rate. However, the generation

of the proper concentration of NH3 at the proper temperature might be almost

as important. Each NH3 -generating ingredient will yield a different amount

of liberated heat and materials such as TAGN are capable of "self-conuumption"

since they are oxygen-containing materials versus TAGZT and TAG*5AT.

Utilization of very small particles of the TAG salts results in a more com-

plete "encircling" of the nitramine particle, which will result in better dif-

fusional mixing of the reactive gases.

The experiments described in the triaminoguanidine (TAG) modifiers section,

which utilized TVOPA (NF 2 generator), play an influential role in "vali-

dating" the flame zone concepts with regard to the catalysis via amidogen

radicals.
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SECTION 6

PRESENIATIONS AND PUBLICATIONS

1. Summaries of the program were presented at the Annual AFOSR Contractors

Mekaetings, March 1982, 1983, and 1984, Lancaster, CA

2. Pzesentatoios were given at the 19th and 20th JANNAF Combustion Meetings

(Greenbelt, MD, October 1982 and Monterey, CA, October 1983)

3. A prouentation was given at the AFRPL. Nitramine Workshop, August 1982,

Lancaster, CA

4. Fraakel, M.B. and D.O. Woolery, J. of Org._.Chem., Vol. 48, Pg. 611 (1983)
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GLOSSARY

ABNF azobisnitroforinaiidine

AFRPI, Air Force Rocket Propulsion Laboratory

AEMTTC 1-(azidoethoxy)methyl--3,5,7-trinitro-l,3,5,7-tetrazacyclooctane

AMDTH l-azidomethyl--3,6-dinitro--l,2,6-triazacycloheptane

AMMTTC l-aininomethyl-3,5,7-trinitrc.-1,3,5,7-tetrazacyclooctane

AMTTC l.-acetoxymethy1--3,5,7-trinitro--1,3,5,7-tetrazacyclooctane

ANAT ammnonium 5-nitraminotetrazole

AZMTTC l-azidomethyl-3,5,7-trinitro-l,3,5,7-tetrazacyclooctane

BRMTTC l-bromomethyl-3,5,7-trinitro.-l,3,5,7--tetrazacyclooctane

CMP carboranyl-methyl propionate

cuws copper amnmonium azide Werner complex

DADN 1,5-dinitro-3,7-diacetyl-l,3,5,7-tetrazacyclooctane

DATH l,7-diazido-2,4,6--trinitrazaheptane

DAZT disinmonium azobitetrazole

DMF dimethylformaiuide

DMSO diniethylsulfoxide

DNATTC l,5-dinitro-3,7-azidoacetyl-l,3,5,7-tetrazacyclooctane

DNBTTC l,5,-dinitro-3,7-dibromcacetyl-l,3,5,7-tetrazacyclooctane

DPT l,5-methylene--3,7.-dinitro-1,3,5,7-tetrazacyclooctane

DSC differential scanning calorimetry

GAP glycidyl azide polymer

HHX 1,3,5,7-tetranitro-1,3,5,7-tetrazacycl~ooctane

HMDI hexamethylenediisocyanate

HN Hydrazine Nitrate

IHTTC l--iodomethyl--3,5,7-trinitro-l,3,5,7-tetrazacyclooctane

N-100 polyfunctional isocyanate

MG nitroglycerin

RDX l,3,5-trinitro-l,3,5-triazacyclohexane

R-18 hydrozy-terminated polyester

TA triacetin

TAG triaminoguanidine
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TAGN triaminoguanidiniumn nitrate

TAG-SAT triaminoguanidinium-5-aminotetrazole

TAGNAT bio-triaminoguanidinium 5--nitraiminotetrazol.

TAGZT bis-triaminoguanidium azobitetrazole

ThAAZ tetramethylaimmonium azide

TMETN trimethylolethylethane trinitrate

TNTTC 1-trinitroethyl-3,5,7-trinitro-1,3,5,7-tet-lrazacyclooctane

TVOPA 1,2,3-tris [mG.t-bi9(diflucorauino)sthoxy1 propane

w/o weight percent
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